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The purpose of this chapter is to lay the groundwork for applica-
tion of the concepts of open-channel flow, fluvial geomorphology, and 
river mechanics to the design, maintenance, and related environmental 
problems associated with highway crossings and encroachments. 
Basic definitions of t erms and notations adopted for use herein 
have been presented in the preceding section for easy use and rapid 
reference. Additionally, these important terms and variables are 
defined and explained as they are encountered. 
1. 2.0 CLASSIFICATION OF RIVERS, RIVER CROSSINGS AND ENCROACHMENTS 
There is a wide variety of types of rivers, river crossings and 
encroachments. EnCJr.oachmen): ,lt:, any occupancy 06 the. tuveJt and 0tood-
p.ltun no~ highway I.L6e. The objective herein is to consider the fluvial, 
hydraulic, geomorphic, and environmental aspects of highway encroach-
ments, including bridge locations, bridge alignment training, longitudi-
nal encroachments stabilization works and road app roaches. EnCJr.oachme.n-a 
Me. MuaUy no p~oblem dutung no~al 6loW6 but ~e.qu.uc.e. .6pe.c.,laf, p~ote.c;tion 
agcun.6t 6lood6. Flood protection requirements vary from site to site. 
Some bridges must accomodate the passage of livestock and farm equipment 
underneath during periods of low flow. Other bridges require low em-
bankments for aesthetic appeal, especially in populated areas. Still 
other bridges require short spans with long approaches and numerous 
piers for economic reasons. All of these factors and many more contri-
bute to the difficulty in generalizing the design for all highway 
encroachments. 
A classification of encroachments based on prominent features is 
helpful. Classifying the regions requiring protection, the possible 
types of protection, the possible flow conditions, the possible chan-
nel shapes, and the various geometric conditions aids the engineer in 
selecting the design criteria for the conditions he has encountered. 
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1.2.1 Types of encroachment 
In the vicinity of rivers, highways generally impose a degree of 
encroachment. In some instances, particularly in mountainous regions 
or in river gorges and canyons, river crossings can be accomplished with 
absolutely no encroachment on the river. The bridge and its approaches 
are located far above and beyond any possible flood stage. More commonly, 
the economics of crossings require substantial encroachment on the river 
and its floodplain, the cost of a single span over the entire flood-
pl ain being prohibitive. The enCJtoachmen:t can be in the nollm on e,aJL:th 
n.lU.. embank.menu OVe.Jt the nloodpltun O!t in.to the ma,i,n channel J...v..eL6, 
1teduung the 1tequbted b~dge length; o!t in the. noJtm on pieJl.-6 and abu.t-
me.n:t-6 in the ma,i,n channel of the river. 
There are also longitudinal encroachments not connected with river 
crossings. Floodplains often appear to provide an attractive low cost 
alternative for highway location; even when the extra cost of flood 
protection is included. As a consequence, h,i,ghwa.y~, including inter-
changes, onte.n enCJtoach on a nloodpltun ave.It long futancu. In some 
regions, river valleys provide the only feasible route for highways. 
This is true even in areas where a floodplain does not exist. In many 
locations the highway must encroach on the main channel itself and the 
channel is partly filled to allow room for the roadway. In some instances 
this encroachment becomes severe, particularly as older highways are up-
graded and widened. There is often also the need to straighten a stretch 
of the river, eliminating meanders, to accommodate the highway. 
1.2.2 Types of rivers 
By way of classification, rivers can be divided into those with 
floodplains and those without. Floodplains are usually not the direct 
result of large flood flows but rather the result of lateral movement 
of the river from one side of the plain to the other through geologic 
time. Rivers which have downcut in their valleys have left former 
floodplains high above modern-day flood levels. These former flood-
plains are called terraces. By definition, the floodplain is low 
enough to be completely inundated by floods with fairly short recurrence 
periods. 
Whether or not floodplains exist, IU.V~ can ai.60 be ci.a6~inied M 
eLthe.Jt bJtMde.d, ~t!taight o!t mea.ndeJL.lng. The character of each classifi-
cation is shown in Fig. 1.2.1. Braided rivers may be quite stable to the 
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extent that the associated islands support farms and even urban com-
munities. Under other geographic conditions braided rivers are extremely 
unstable with the channels shifting with each sharp change in discharge. 
The potential width of a braided river may be much greater than casual 
observation indicates. Unpredicted channel shifting has been the cause 
of many crossing failures. 
As seen in Fig. 1.2.1, even straight rivers are to some degree 
sinuous. The sinuosity is a measure of this meandering feature. The. 
.6-<.nu.01.i litJ de.Mne.d iu .:the. Jta.t,,i,o 06 .:the. le.ng.:th 06 .:the. Jr.J.,vvc,' .6 .:tha..e.we.g .to 
:the. length o 6 .the va.lletJ p1topvc.. The. .:thaiweg -<.J.i .the. pa-t:h o 6 deepe.6.t 
6low. Rivers with sinuosity less than 1.5 are usually considered straight. 
Meandering rivers are commonly associated with erodible floodplains, 
although very regular and highly developed meanders have occurred in 
rivers incised in solid rock valleys. 
Braided Straioht Meanderino 
I a a b b' 
ti/ 
c c' d 
V 
Fig. 1.2.1 River channel patterns. 
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1.2.3 Geometry of bridge crossings 
The bridge crossing is the most common type of river encroachment. 
The geometric properties of bridge crossings illustrated in Fig. 1.2.2 
are commonly used depending on the conditions at the site. The. appltoac.ne.6 
may be. -0 k.e.we.d on no~a.l ( peJtpe.mu.c.ui.alt) to the. cUJr.e.c.,tlon o 6 6,low, on one. 
app1toac.h may be. longeJt than the othen, p!todu.c-lng an e.c.c.e.nt.ltic. cto-0-0.ing. 
Abutments used for the overbank-flow case may be set back from the 
low-flow channel banks to provide room to pass the flood flow or simply 
to allow passage of livestock and machinery, or the abutments may extend 
up to the banks or even protrude over the banks, constricting the low-
flow channel. Piers, dual bridges for multi-lane freeways, channel bed 







. ~7'?":~)..,)"7; ... , -, ,--r-
Sec tion A- A' 
(b) Wino-wall 
Fig. 1.2.2 Geometric properties of bridge crossings. 
The design procedures have been derived from laboratory and field 
observations of bridge crossings. The. de.6.ign pltoc.e.duJLu inc.i..u.de. a.U.ow-
anc.M made. 6oJt the. e.66e.C.U 06 .6k.e.wne.6-0, e.c.c.e.nt.ltiuty, .6c.ouJL, abu.tme.nt 
-0e.tbac.k., c.hanne.l -0hape., -0u.bme1tge.nc.e. 06 .the. .6u.pelt.6.tJtu.c..tuJLe., de.bw, 
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.6pull. cUk.u, 1/Ji..nd wa.vu, -lc.e, p-le/t.6, abutment typu, a.nd 6.tow c.ondLtloM. 
These design procedures take advantage of the large volume of work that 
has been done by many people in describing the hydraulics and scour 
characteristics of bridge crossings. 
1.3.0 DYNAMICS OF NATURAL RIVERS AND THEIR TRIBUTARIES 
Frequently, environmentalists, river engineers, and others involved 
in transportation, navigation, and flood control consider a river to be 
static, that is unchanging in shape, dimensions, and pattern. However, 
a.n a.il.u.v..ia.1. JuveA geneJt.a..U.y -l-6 c.ontinuail..y c.ha.ng.lng w po.6ilion a.nd 
J.i hape a.J.i a. c.oM equenc.e o 6 hydJr..a.u..Li..c. f;o1tc.u a.c.ting on w bed a.nd ba.nfv.i. 
Thue c.hangu may be .6low oJt M.p-ld a.nd may 1tuuU f;Jtom na.twuLt env-lJton-
men:tai. c.hangu otr. f;Jtom c.hangu by man' .6 ac.tiviliu. When an engineer 
modifies a river channel locally, this local change frequently causes 
modification of channel characteristics both up and down the stream. 
The response of a river to man-induced changes often occurs in spite of 
attempts by engineers to keep the anticipated response under control. 
The point that must be stressed is that a river through time is 
dynamic, that man-induced change frequently sets in motion a response 
that can be propagated for long distances, and that in spite of their 
complexity all rivers are governed by the same basic forces. The high-
way engineer must understand and work with these natural forces. It 
is absolutely necessary for the design engineer to have at hand competent 
knowledge about: (1) geological factors, including soil conditions, 
(2) hydrologic factors, including possible changes in flows, runoff, 
and the hydrologic effects of changes in land use; (3) geometric 
characteristics of the stream, including the probable geometric alter-
ations that will be activated by the changes his project and future 
projects will impose on the channel; and (4) hydraulic characteristics 
such as depths, slopes, and velocity of streams and what changes may be 
expected in these characteristics in space and time. 
1.3. 1 Historical evidence of the natural instability of fluvial systems 
In order to emphasize the inherent dynamic qualities of river channels, 
evidence is cited below to demonstrate that most alluvial rivers are not 
static in their natural state. Indeed, scientists concerned with the 
I-6 
history of landforms (geomorphologists), vegetation (botanists), and the 
past activities of man (archaeologists), rarely consider the landscape 
as unchanging. Rivers, glaciers, sand dunes, and seacoasts are highly 
susceptible to change with time. Over a relatively short period of time, 
perhaps in some cases as long as man's lifetime, components of the land-
scape may be relatively stable. Nevertheless stability cannot be auto-
matically assumed. 1UveJL6 aJte, in 6act, :the mo-6t activel..y ehanging 06 
a..U. geomo~phie no/U116. 
Evidence from several sources demonstrate that river channels are 
continually undergoing changes of position, shape, dimensions, and 
pat tern . In Fig. 1.3.1 a section of the Mississippi River as it was in 
1884 is compared with the same section as observed in 1968. In the 
lower 6 miles of river, the surface area has been reduced approximately 
SO percent during this 84-year period. Some of this change has been 








I 9 68 1884 
Fig. 1.3.1 Comparison of the 1884 and 1968 Mississippi River Channel 
near Commerce, Missouri. 
In aiiuvia.l ~v~ -6y-6te.m6, it i-6 :the. Jtui.e. ~ath~ than :the. e.x.ee.p-
tion that bank.-6 will ~ode., -6e.cUme.ntt. will. be. de.p0-6Ue.d and 6lood-
p.lairui, i-6la.nd6, and -6ide. eha.nne.l-6 will. u.ndeJtgo modi[iieation w..U.h. .t.hne.. 
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Changes may be very slow or dramatically rapid. Risk's (1944) report 
on the Mississippi River and his maps showing river position through 
time are sufficient to convince everyone of the innate instability of 
the Mi ssissippi River. The Mississippi is our largest and most impres-
sive river and because of its dimensions it has sometimes been considered 
unique. This is, of course, not so. Hydraulic and geomorphic laws apply 
at all scales of comparable landform evolution. The Mississippi may be 
thought of as a prototype of many rivers or as much larger than proto -
type model of many sandbed rivers. 
Rivers change position and morphology (dimensions, shape, pattern) 
as a result of changes of hydrology. Hydrology can change as a result 
of climatic change over long periods of time, or as a result of natural 
stochastic climatic fluctuations (droughts, floods), or by man's modifi-
cation of the hydrologic regime. For example, the major climatic changes 
of recent geological time (the last few million years of earth history) 
have triggered dramatic changes in runoff and sediment loads with 
corresponding channel alterat ion. Equally significant during this time 
were fluctuations of sea level. During the last continental glaciation, 
sea level was on the order of 400 feet lower than at present, and this 
reduction of base level caused major incisions of river valleys near 
the coasts. 
In recent geologic time, major river changes of different 
types occurred. These types are deep incision and deposition as sea level 
fluctuated, changes of channel geometry as a result of climatic and 
hydrologic changes, and obliteration or displacement of existing channels 
by continental glaciation. Climatic change, sea level change, and 
glaciation are interesting from an academic point of view but are not 
considered as cause of modern river instability. The. move.me.nt 06 the 
e,aJc.;t.h ' ~ CJUUit, ,,w one. ge.olog,i,c. a.ge.nt c..a.u6ing mode.Jz.n Ju..ve.Jz. ..uv.i:ta.bil,i,ty. 
The earth's surface in many parts of the world is undergoing continuous 
measurable change by upwarping, subsidence or lateral displacement. As 
a result, the study of these ongoing changes (called neotectonics) has 
become a field of major interest for many geologists and geophysicists. 
Such gradual surface changes can affect stream channels dramatically. 
For example, Wallace (1967) has shown that many small streams are clearly 
offset laterally along the San Andreas fault in California. Progressive 
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lateral movement of this fault on the order of an inch per year has 
been measured. The rates of movement of faults are highly variable 
but an average rate of mountain building has been estimated by Schumm 
(1963) to be on the order of 25 feet per 1000 years. Seemingly insigni-
ficant in human terms, this rate is actually 0.3 inches per year or 3 
inches per decade. For many river systems, a change of slope of 3 inches 
would be significant. (The slope of the energy gradient on the Lower 
Mississippi River is about 3 to 6 inches per mile . ) 
Of course, the geologist is not surprised to see drainage patterns 
that have been disrupted by uplift or some complex warping of the earth's 
surface. In fact, complete reversals of drainage lines have been docu-
mented. In addition, convexities in the longitudinal profile of both 
rivers and river terraces (these profiles are concave under normal 
development) have been detected and attributed to upwarping. Further, 
the progressive shifting of a river toward one side of its vall ey has 
resulted from lateral tilting. Major shifts in position of the 
Brahmaputra River toward the west are attributed by Colman (1969) 
to tectonic movements. Hence, neotectonics should not be ignored as 
a possible cause of local river instability. 
Lo ng-teJun clima;tic. 6-f.u.ctu.a.:t-i.o n6 have. c.a.u..6 e.d ma. j o It c.hang u o 6 tu.,v eJt 
mo1tphology. Floodplains have been destroyed and reconstructed. The 
history of semiarid and arid valleys of western United States is of 
alternating periods of channel incision and arroyo formation followed 
by deposition and valley stability which have been attributed to climatic 
fluctuations. 
It is clear that rivers can display a remarkable propensity for 
change of position and morphology in time periods of a century. Hence 
rivers from the geomorphic point of view are tmquestionably dynamic, 
but does this apply to modern rivers? It is probable that, du.tu.,ng a. 
pvuod on .6 e.velta.l IJea.lt.6, nwhe1t ne.ote.ctoru.c..6 no1t a. p1tog1tu-0ive. c..Uma.te. 
c.hang e. wlU have. a de.te.cta.ble. innlu.e.nc.e. on IU.,Ve/t c.haJr..a.cteJt and be.haviolt. 
What then c.a.U6u a .6:to.ble. JUve.Jt to a.ppe.aJt 1te.lat,lve.ly u.n.6:to.ble. 611.om the. 
point on v,le.w 06 the. h,lgrwxtlj e.ngine.e.Jt Oil. :the. e.nv,{,ll,onme.ntall6t. rt ,(,.6 
the. .6loW bu.t hnpla.c.a.ble. .6Mo.t on a. IUVe.lt c.hanne.l thli.ough eA0.6,<,0n and 
de.po.6-ltlon a.t be.nd.6, :the. .6Mo.t 06 a c.hanne.l :to 601tm c.hu.tu and ,l,6la.nd.6, 
a.nd the. c.utonn on a. be.nd to 601tm oxbow la.ku. Wolman and Leopold (1957) 
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state that lateral migration rates are highly variable; that is, a river 
may maintain a stable position for long periods and then experience 
rapid movement. Much therefore depends on flood events, bank stability, 
permanence of vegetation on banks, and floodplain land use. 
A compilation of data by Wolman and Leopold shows that rates of 
lateral migration for the Kosi River of India range up to approximately 
2500 feet per year. Rates of lateral migration for t wo major rivers in 
t he United St ates are as follows: Colorado River near Needles, California, 
10 t o 150 feet per year ; Mis sissippi River near Ros~dale, Mis sissippi, 
158 t o 630 feet per year . 
Archaeologists have also provided clear evidence of channel changes 
that ar e completely natural and to be expected. For example, the number 
of archaeologi c sites on f l oodplains decreases significantly with age 
simpl y because, as fl oodpl a i ns are modified by r i ver migration, the 
earlies t si t es have been destroyed. Lathrop (1968) working on the 
Rio U.ayali in the Amazon headwaters of Peru estimates that on -the aver age 
a meander loop begins to form and cuts off in 5000 years . These loops 
have an amplitude of 2 to 6 miles and an average rate of meander growth 
of approximately 40 feet per year. 
A study by Schmudde (1963) shows that about one-third of the 
floodplain of the Missouri River over the 170-mile reach between Glasgow 
and St. Charles, Missouri, was reworked by the river between 1879 and 
1930. On the Lower Mississippi River, bend migration was on the order 
of 2 feet per year, whereas in the central and upper parts of the river 
below Cairo it was at times 1000 feet per year (Kolb, 1963). On the 
other hand, a meander loop pattern of the lower Ohio River has altered 
very lit tle during the past thousand years (Alexander and Nunnally, 1972) . 
Although :the. dynamlc. be.ha.viM. 06 pe!te.nrtia.l 1.d1te.a.m6 ,u, .unp1teti1.>i ve. , 
:the. mocli.6,[c.a;uon 06 JuveJU, in aJl.,i.,d and .6e.mi.alud 1te.gion1.> and upe.u.a.Uy 
06 e.phe.meJtal. ( flowing oc.c.a.6iona.Uy) .6bl.e.am c.ha.nnw ,u, 1.>.taJt;t.Ung. A 
s tudy of floodplain vegetation and the distribution of tree s in different 
age groups led Everitt (1968) to the conclusion that about half of t he 
Little Missouri River floodplain in western North Dakota was r ework ed in 
69 years. 
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Historical and field studies by Smith (1940) show that floodplain 
destruction occurred during major floods on rivers of the Great Plains. 
An exceptional example of this is the Cimarron River of southwestern 
Kansas, which was 50 feet wide during the latter part of the 19th and 
first part of the 20th centuries (Schumm and Lichty, 1963). Following 
a series of major floods during the 1930's it widened to 1200 feet, and 
the channel occupied essentially the entire valley floor. During the 
decade of the 1940's a new floodplain was constructed, and the river 
width in 1960 was reduced to about 500 feet. Equally dramatic changes of 
channel dimensions have occurred along the North and South Platte Rivers 
in Nebraska and Colorado as a result of man's control of flood peaks 
by reservoir construction. Natural changes of this magnitude, due to 
changes in flood peaks, are perhaps exceptional, but they emphasize 
the mobility of rivers. 
Another somewhat different type of channel modification which testi-
fies to the rapidity of fluvial processes is described by Shull (1922, 
1944). During a major flood in 1913, a barge became stranded in a chute 
of the Mississippi River near Colwnbus, Kentucky. The barge induced 
deposition in the chute and an island formed. In 1919, the island was 
sufficiently large to be homesteaded, and a few acres were cleared for 
agricultural purposes. By 1933, the side channel separating the island 
from the mainland had filled to the extent that the island became part 
of Missouri. The island formed in a location protected from the erosive 
effects of floods but susceptible to deposition of sediment during floods. 
For these reasons the channel filling was rapid and progressive. It 
cannot be concluded that islands will always form and side channels 
fill at such rapid rates, but island formation and side-channel filling 
appears to be the normal course of events in any river transporting 
moderate or high sediment loads regardless of the river size. 
In summary, archaeological, botanical, geological, and geomorphic 
evidence supports the conclusion that most rivers are subject to constant 
change as a normal part of their morphologic evolution. Therefore, 
stable or static channels are the exception in nature. 
1.3.2 Introduction to river hydraulics and river response 
In the previous section it was established that rivers are dynamic 
and respond to changed environmental conditions. The direction and 
I-11 
extent of the change depends on the forces acting on the system. The 
mechanics of flow in rivers is a complex subject that requires special 
study which is unfortunately not included in basic courses of fluid 
mechanics. The major complicating factors in river mechanics are: 
(a) the large number of interrelated variables that can simultaneously 
respond to natural or imposed changes in a river system and (b) the 
continual evolution of river channel patterns, channel geometry, bars, 
and forms of bed roughness, with changing water and sediment discharge. 
In order to understand the responses of a river to the actions of man 
and nature, a few simple hydraulic and geomorphic concepts are presented 
here. 
Rivers are broadly classified as straight, meandering or braided 
or some combination of these classifications, but any changes that are 
imposed on a river may change its form. The dependence of river form 
on the slope which may be imposed independent of the other river 
characteristics is illustrated schematically in Fig. 1.3.2. By changing 
the slope, it is possible to change the river from a meandering one 
that is relatively tranquil and easy to control to a braided one that 
varies rapidly with time, has high velocities, is subdivided by sand-
bars and carries relatively large quantities of sediment. Such a change 
could be caused by a natural or artificial cutoff. Conversely, it is 
possible that a slight decrease in slope could change an unstable 














Meandering a Bra ided Channel 
Bra i ded 
Slope -
Fig. 1.3.2 Sinuosity vs. slope with constant discharge. 
Ch™l uatterns r ; 111, 1-..-a..t .r1 ; , ~ , 
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Based on research results of Lane (1955) Leopold and Maddock (1953), 
Santos-Cayudo and Simons (1972) and Schumm (1971), the following general 
statements concerning a river's response to altered water discharge and 
sediment load can be made. 
(1) Depth is directly proportional to discharge and inversely 
proportional to the bed-material discharge. 
(2) Channel width is directly proportional to discharge and to 
sediment load. 
(3) Channel shape (width-depth ratio) is directly related to 
sediment load. 
(4) Meander wavelength is directly proportional to discharge and 
to sediment load. 
(5) Gradient is inversely proportional to discharge and directly 
proportional to sediment load and grain size. 
(6) Sinuosity is proportional to valley slope and inversely 
proportional to sediment load. 
Gradient is considered in the above to be a dependent variable in that 
a river can reduce the gradient by becoming more sinuous. It is important 
to remember that the relations given above pertain to natural rivers 
and not necessarily to artificial channels with bank materials that are 
not representative of sediment load; however, the relations help to 
determine the response of any water conveying channel. 
The. -0,i.g n..l6,lca.ntly cu 6 6 e.tte.n.t channel cwne.n6io n6, -0 hapu, and pat:te.ttn6 
M-0oe,la;te.d w,i.,th cu66e.tte.n.t qua.n.tUi..u 06 fuchM.ge. and amou.n:a 06 -0e.cwne.n.t 
load huuc.a..:te. .tJuu M .t.hu e. buie.pe.nde.n.t vaJua.blu c.hang e., ma j oJc. adj u.6t-
me.n-t6 06 channel mo!c.phology c.an be. a.n.tiupa.t.e.d. Further, if changes 
in sinuosity and meander wavelength as well as in width and depth are 
required to compensate for a hydrologic change, then a long period of 
channel instability can be envisioned with considerable bank erosion 
and lateral shifting of the channel before stability is restored. One 
is led to conclude that the reaction of a channel to changes in 
discharge and sediment load may result in channel dimension changes 
contrary to those indicated by many regime equations. "For example, it 
is conceivable that a decrease in discharge together with an increase in 
sediment load could actuate a decrease in depth and an increase in width." 
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Changes in sediment and water discharge at a particular point or 
reach in a stream may have an effect ranging from some distance upstream 
to a point downstream where the hydraulic and geometric conditions can 
have absorbed the change. Thus , it is well to consider a channel 
r each as part of a complete drainage system. Artificial controls that 
could benefit the reach may, in fact, cause problems in the systems as 
a whole. For example, flood control structures can cause downstream 
f l ood damage to be greater at reduced flows if the average hydrologic 
r egime is changed so that the channel dimensions are actually reduced. 
Al so, where maj or tributaries exert a significant influence on the main 
channel by introduction of large quantities of sediment, upstream control 
on the main channel may allow the tributary to intermittently dominate 
t he system with deleterious results. If discharges in the main channel 
are reduced, sediments from the tributary that previously were eroded 
wi ll no longer be carried away and serious aggradation with accompanying 
f l ood problems may arise . 
An insight into the direction of change, the magnitude of change, 
and the time involved to reach a new equilibrium can be gained by studying 
t he river in a natural condition, having knowledge of the sediment and 
water discharge, being able to predict the effects and magnitude of man's 
future activities, and applying to these a knowledge of geology, soils, 
hydrology, and hydraulics of alluvial rivers. 
The current interest in ecology and the environment have made people 
aware of the many problems that mankind can cause. Previous to the 
present interest in the environmental impact, very few people interested 
in rivers ever considered the long-term changes that were possible. It 
is imperative that anyone working with rivers, either with localized 
areas or entire systems, have an understanding of the many factors 
involved, and of the potential for change existing in the river system. 
Two methodJ., on pJtecllcUng ll.Upon&e. aJLe. e.mp.toye.d. The.y Me. the. 
phyhical an.d the. ma;the.ma.tlc.ai. model-6. Engineers have long used small 
scale hydraulic models to assist them in anticipating the effect of 
altering conditions in a stretch of rivers. With proper awareness of 
the large scale effects that can exist, the results of hydraulic 
model testing can be extremely useful for this purpose. A more recent 
and perhaps more elegant method of predicting short- and long-term 
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changes in rivers involves the use of mathematical models. To study 
a transient phenomena in natural alluvial channels, the equations of 
motion and continuity for sediment laden water and the continuity 
equation for sediment can be used. These equations are powerful analyt-
ical tools for the study of unsteady flow problems. However, because of 
mathematical difficulties many practical solutions can only be obtained 
by numerical analysis using iteration procedurP-s and digital computers. 
The potential of numerical mathematical models for flood and sediment 
routing, degradation, and aggradation studies and long-term channel 
development studies is now being realized. 
1.4 .0 EFFECTS OF HIGHWAY CONSTRUCTION ON RIVER SYSTEMS 
Highway construction can have significant general and local effects 
on the geomorphology and hydraulics of river systems. Hence, it is 
necessary to consider induced short- and long-term responses of the 
river and its tributaries, t he impact on environmental factors, the 
aesthetics of the river environment and short- and long-term effects 
of erosion and sedimentation on the surrounding landscape and the 
river. The biological response of the river system should also be 
evaluated and considered. 
1.4.1 Immediate responses 
Let us consider a few of the numerous and immediate responses of 
rivers to the construction of bridges, training, and channel stabiliza-
tion works and approaches. 
In the preceding paragraphs we indicated that local changes made 
in the geometry or the hydraulic properties of the river may be of 
such a magnitude as to have an immediate impact upon the entire river 
system. More specifically, c.onbulc.tlorui due. to the. c.oruibu.Lc.tlon. on 
e.n.c.Jc.oa.c.hme.n.t.6 ge.n.eJta..U.y c.a.u..6e. ge.n.ell.ai. a.n.d .loc.a.l .6c.ouJt; a.n.d the. .6 e.cU.me.n.tl.i 
1temoved n1tom tlu.6 .loc.ilion. a.1te. U.6ua.l.e.y d!toppe.d ,i,n. the. ,i,mme.cU.a.te. 1te.a.c.h 
dowru,bte.am. In the event that the contraction is extended further 
downstream, the river may be capable of carrying the increased sediment 
load an additional distance but only until a reduction in gradient and 
a reduction in transport capability is encountered. The increased 
velocities caused by encroachments may also affect the general 
lateral stability of the river downstream. 
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In addition, the development of crossings and the contraction of 
river sections may have a significant effect on the water level in the 
vicinity and upstream of the bridge. Such changes in water level up-
stream of the bridge are called backwater effects. The highway engineer 
must be in a position to accurately assess the effects of the construction 
of crossings upon the water surface profile. 
To offset increased velocities and to reduce bank instabilities and 
rel ated problems one ends up, in many instances, with stabilizing or 
channelizing the river to some degree. When it is necessary to do this 
every effort should be made to do the channelization in a manner which 
doe s not degrade the river environment including its aesthetic value. 
A6 a. c.on6e.qu.e.nc.e. 06 c.on.6:tlr.u.c.:Uon, ma.ny Me.a..6 be.c.ome. lughi..y .6Mc.e.p:ti..ble. 
to Vto.6~on . The transported sediment is carried from the construction 
site by surface flow into the minor rills which combine within a short 
di stance to form larger channels leading to the river. The water flowing 
from the construction site is usually a consequence of rain. The surface 
runoff and the accompanying erosion can significantly increase the sedi-
ment yield to the river channel unless careful control is exercised. The 
large sediment particles transported to the main channel may reside in 
the vicinity of the construction site for a long period of time or may 
be slowly moved away. On the other hand, the fine sediments are easily 
transported and generally pollute the whole cross section of the river. 
The fine sediments are transported downstream to the nearest reservoir 
or to the sea. As will be discussed later, the sudden injection of 
the larger sediments into the channel may cause local aggradation, thereby 
steepening the channel, increasing the flow velocities and possibly causing 
instability in the river at that site. Over a long period of time after 
the injection has ceased, the river would return to its former geometry. 
The .6Mpende.d M,ne .tied.J..ment.6 c.a.n ha.ve veJty .6,ig~6~c.a.n:t e66ec..t.6 on 
the b,loma..6.6 06 the. .6.tlteam. Certain species of fish can only tolerate 
large quantities of suspended sediment for relatively short periods 
of time. This is particularly true of the eggs and fry. This type of 
biological response to development normally falls outside of the competence 
of the engineer. Yet his work may be responsible for the discharge of 
these sediments into the system and if he is unable to cope with the 
problem, the engineer should utilize adequate technical assistance from 
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experts in fisheries, biology, and other related areas to overcome the 
consequences of sediment pollution in a river. Only with such knowledge 
can he develop the necessary arguments to sell his case that erosion 
control measures must be exercised to avoid significant deterioration of 
the stream environment not only in the immediate vicinity of the bridge 
but in many instances for great distances downstream. 
Another possible immediate response of the river system to construc-
tion is the loss of the recreational use of the river. In many streams, 
there may be an immediate drop in the quality of the fishing due to the 
increase of sediment load, or other changed hydraulic characteristics 
within the channel. Most natural rivers consist of a series of pools 
and riffles. Both form an important part of the environment from the 
viewpoint of fisheries. The introduction of larger quantities of sediment 
into the channel and changes made in the geometry of the channel may 
result in the loss of these pools and riffles. Along the same lines, 
construction work within the river may cause a loss of food essential to 
fi sh life and in cases it is difficult to get the food chain re-
established in the system. 
CoM:tw.cti.on a.nd ope.Jta..tion o 6 lughwa.y.6 ,ln «xLteJt-.tiupply wa.:telt.6hed6 
pltMe.nt.6 VelttJ 1te.a.l pttoblem6 a.nd. 1te.qu,l/tM .tipe.C<.ai. ptte.c.a.uti.ona.1ty dMigM :to 
ptto.te.ct .the. «xU:eJt .6uppUe.6 6Mm highway ltMidue.. These residues may be 
largely sedimentary and may increase the turbidity of the water. There 
have been instances, however, where other unwelcome materials, such as 
asphalt distillates, have been traced to highway operation. 
The preceding discussion is related to only a few immediate responses 
to construction along a river. However, they are responses that illustrate 
their importance to design and the environment. 
1.4.2 Delayed response of rivers to development 
In addition to the example of possible immediate responses discussed 
above, there are important delayed responses of rivers to highway develop-
ment. As part of this introductory chapter, consideration is given to 
some of the more obvious effects that can be induced on a river system 
over a long time period by highway construction. 
Often it is necessary to employ training works in connection with 
bridges to favorably align the flow with the bridge openings. When such 
training works are used, they generally straighten the channel, shorten 
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the flow line, and increase the velocity within the channel. Any such 
changes made in the system that cause an increase in the gradient may 
cause an increase in velocities. The increase in velocity increases 
local and general scour with subsequent deposition downstream where 
the channel takes on its normal characteristics. If significant lengths 
of the river are trained and straightened, there can be a noticeable 
decrease in the elevation of the water surface profile for a given dis-
charge in the main channel. Tributaries emptying into the main channel 
i n such reaches are significantly affected. Having a lower water level 
in the main channel for a given discharge means that the tributary streams 
entering in that vicinity are subjected to a steeper gradient and higher 
velocities which cause degradation in the tributary streams. In extreme 
cases, degradation can be induced of such magnitude as to cause failure of 
structures such as bridges on the tributary systems. In general, any 
increase in transported materials from the tributaries to the main channel 
causes a reduction in the quality of the environment within the river. 
More specifically as degradation occurs in the tributaries bank instabili-
ties are induced and the sediment loads are greatly increased. Increased 
sediment loads usually result in a deterioration of the given environment. 
1. 5.0 THE EFFECTS OF RIVER DEVELOPMENT ON HIGHWAY STRUCTURES 
Some of the possible immediate and delayed responses of rivers and 
river systems to the construction of bridges, approaches, channel sta-
bilization and the utilization of training works have been mentioned. 
It .v., nec.e6.6alt!f o.1.60 to c.on.6ide.Jr. the e66ect6 06 hlghway .6.tltuc.tulte.6 on 
Jr.J..,v e.Jr. devel.opment wo~k-6. These works may include, for example, water 
diversions from the river system, water diversions to the river system, 
construction of reservoirs, flood control works, cutoffs, levees, 
navigation works, and the mining of sand and gravel. It is essential to 
consider the possible or probable long-term plans of all agencies and 
groups as they pertain to a river when designing crossings or when 
dealing with the river in any way. Let us consider a few typical 
responses of a crossing to different types of water resources development. 
I-18 
Cutoffs may develop naturally in the river system or cutoffs can 
be constructed by man. The general consequence of cutoffs is to shorten 
the flow path and steepen the gradient of the channel. The local steep-
ening can significantly increase the velocities and sediment transport. 
Also, this action can induce significant instability such as bank 
erosion and degradation in the reach. The material scoured in the 
reach effected by the cutoff is probably carried only to the adjacent 
downstream reach where the gradient is flatter. In this region of slower 
velocities the sediment drops out rapidly. The deposition can have 
significant detrimental effect on the downstream reach of river increasing 
the flood stage in the river itself and increasing the base level for 
tributary stream thereby causing aggradation in the tributaries. 
Consider a classic example of a cutoff that was constructed on a 
large bend in one of the tributaries to the Mississippi. Along this 
bend, small towns had developed and small tributary streams entered the 
main channel within the gooseneck bend. It was decided to develop a 
cutoff across the gooseneck to shorten the flow line or the river, re-
duce the flood stage and generally improve poor conditions in that loca-
tion. Several interesting results developed. 
In the vicinity of the cutoff the bankline eroded and degradation 
was initiated. Within the gooseneck bend, the small tributaries 
continued to discharge their water and sediment. Because of the flat 
gradient in the bend, this channel section could not convey the sediment 
from the small systems through it and aggradation was initiated. Within 
a short period of time sufficient aggradation had occurred so as to 
jeopardize water intakes, sewage outfalls and so forth. As a consequence 
of the adverse action in the vicinity of the cutoff and within the 
gooseneck itself, it was finally decided that it would be more beneficial 
to restore the river to its natural form through the gooseneck. This 
action was taken and the serious problems were alleviated. 
In such a program of river development, the highway engineer 
would be hard pressed to maintain and plan for his highway system along 
and over this reach of river. 
Another common case occurs with the development of reservoirs for 
storage and flood control. These reservoirs serve as traps for the 
sediment normally flowing through the river system. With sediment 
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trapped in the reservoir, essentially clear water is released at the dam 
site. This clear water has the capacity to transport more sediment than 
is immediately available. Consequently the channel begins to supply this 
deficit with resulting degradation of the bed. This degradation may 
significantly affect the safety of bridges in the immediate vicinity. 
Again, the degraded main channel causes steeper gradients on tributary 
streams in the vicinity of the main channel. The result is degradation 
in the tributary streams. It is entirely possible, however that the 
additional sediments supplied by the tributary streams would ultimately 
offset the degradation in the main channel. It must be recognized that 
downstream of storage structures the channel may either aggrade or 
degrade and the tributaries will be affected in either case. 
There are important responses induced upstream of reservoirs as 
well as downstream . When t he stream flowing into a reservoir encounters 
the ponded water, its sediment load is deposited forming a delta. This 
deposition in the reservoir flattens the gradient of the channel upstream. 
The f lattening of the upstream channel induces aggradation causing the 
bed of the river to rise, threatening highway installations and other 
facilities. For example, Elephant Butte Rv.,e1tvo,Ut bu.,U;t on the R.-i..o G1t.a.nde 
ha.J., c.a.uJ., ed the Rio G1t.a.nde :t.o a.gg1t.a.de ma.ny m,il,v., up.6bte.am On the Jr..e6 eJl.VO,Ut 
.6Ue. At Albuquerque, New Mexico the riverbed has aggraded until it is 
presently several feet above the level of the city. This degree of change 
in bed level can have very significant effects upon bridges, other hydraulic 
structures and all types of training and stabilization works. Ultimately 
the river may be subjected to a flow of magnitude sufficient to overflow 
existing banks causing the water to seek an entirely new channel. With 
the abandonment of the existing channel, there would be a variety of 
bridges and hydraulic structures that would also be abandoned at great 
expense to the public. Further, there are investigations underway that 
may lead to the construction of a storage reservoir upstream of 
Albuquerque. With the construction of this reservoir, clear water would 
be released which could initiate degradation in the channel in the 
immediate vicinity of the reservoir but would supply even greater sediment 
downstream where the channel is affected by Elephant Butte. 
The clear-water diversion into South Boulder Creek in Colorado is 
another example of river development that affects bridge crossings and 
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encroachments as well as the environment in general. Originally the 
North Fork of the South Boulder Creek was a small but beautiful scenic 
mountain stream. The banks were nicely vegetated, there was a beautiful 
sequence of ripples and pools which had all the attributes of a good 
fishing habitat. Approximately ten years ago, water was diverted from 
the Western Slope of the rockies through a tunnel to the North Fork of the 
South Boulder Creek . The normal flow in that channel was increased by a 
f actor of 4 to 5. The extra water caused significant bank erosion and 
channel degradation. In fact, t he addi tional flow gutted the river valley 
changing the channel to a straight raging torrent capable of carrying 
large quantit ies of sediment. Degradation in the system had reached 
as much as 15 to 20 feet before measures were taken to stabilize the 
creek. 
Stabilization was achieved by flattening the gradient by constructing 
numerous drop structures and by reforming the banks with riprap. The 
system has stabilized but it is a different system. The channel is 
straight, much of the vegetation has been washed away, the natural 
sequence of ripples and pools has been destroyed. The valley may never 
again have the natural form and beauty it once possessed. It is 
necessary for us to bear in mind the diversions to or from the natural 
river system can greatly alter its geometry, its beauty and its utility. 
The river may undergo a complete change giving rise to a multitude of 
problems in connection with the design and maintenance of hydraulic 
structures, encroachments and bridge crossings along the affected 
reach. 
In the preceding paragraphs possible immediate and long-term 
responses of river systems to various types of river development have 
been described. Nothing has been indicated about how to determine the 
magnitude of these changes. This important aspect of response of rivers 
to development will be treated more quantitatively in other chapters. 
1.6.0 ENVIRONMENTAL CONSIDERATIONS 
There is a 15-mile canyon above Glenwood Springs, Colorado, in which 
the Colorado River flows. The natural river was narrow and flowed within 
the canyon walls extending essentially down to the river banks. In the 
early 1900's, a two-lane highway was constructed on one side of the 
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river and a railroad was constructed on the other side in this 15-mile 
reach. Because of the lack of floodplain, the space for the highway 
and railroad was developed by cutting into the valley wall and encroach-
ing on the river channel. This development converted the river from one 
with a natural sequence of pools and ripples to essentially a straight 
man-made channel. This development greatly reduced the value of the 
river from the environmental point of view. On the other hand, the 
development did meet the transportation needs at that time. 
Presently we have a four-lane divided highway both upstream and 
downstream of this canyon reach. Hence, the possibility of further 
encroachment on the river in the canyon to provide space for a four-
lane highway has been investigated. This could be done but may further 
deteriorate the quality of the river. Environmental considerations 
have become the major issue in the development of this four-lane highway 
through this reach. 
Al:, the. ph..e..6e1tvmon 06 e.nv,{/[.orime.nta.l qu.aLUy hM be.c.ome. a ma.tteJt 06 
n.a.tiona..l inteJte..6:t and ptlotl:ty, :the. de.C,,<,6-<-on.6 made. on :the. loc.ation, 
de..6ign and C.On.6bw..c.:tion 06 an e.nc.Jtoac.hme.nt .6hou1.d, M oM M poMib.te., 
avoid oh.. mirr.imize. the. adveMe. e.66e.c.:t6 on the. quality 06 :the. e.nv.utorime.nt, 
inc.i.uding e. 6 6 e.c.u on .6 c.e.nic., na.:tultai., hi.6 :totlc.al, Mc.ha.e.o.to gic.al, 
1te.c.1te.ation.a£ and .6oc.ia.t value..6 and h..e..6oUh..c.e..6 06 :the. p11..oje.c.:t Me.a. To 
do this, the engineer must have sufficient knowledge to recognize 
potential problems. 
A general methodology can be put forth for bringing environmental 
impact into the decision process. The. 6ih...6:t .6:te.p is to locate the 
several alternative areas where the bridge or highway could feasibly be 
located. These areas would be chosen to provide a choice of environ-
mental considerations as well as a range of purely technical require-
ments. An inventory and analysis of the environmental resources of each 
site would then be prepared. The inventory would show the uniqueness of 
the area for supporting specific vegetation, wildlife and aquatic life, 
especially rare or endangered species. Relevant specialists need 
to be consulted to define the interdependencies and chains that exist 
between biological groups and species and to evaluate the response of 
the species to stress conditions. Existing and future possible uses 
of the area must be set down, whether it is urban residential, industrjal, 
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farm, recreation or preservation for natural scenic beauty. The area 
may possess a community unity that would be destroyed by highway 
development or it may possess unique qualities of significant historical 
or cultural importance. All these and more are environmental consider-
ations to inventory. 
The -0econd -0tep is to conduct an interdisciplinary study of the 
impact of the alternative plans on the environmental factors identified 
in the first step. The alternatives would ideally include not only 
different sites but alternative forms of construction that would differ 
in t heir environmental impact. The impact would not be all negative. 
Highways and bridges are means of access, and access to areas of excep-
tional recreational or scenic value can be a positive impact. The impact 
of scarring the landscape most often is negative, but a major highway 
cut west of Denver exposed colorful geological strata that now is a 
center of attraction for tourists, students and serious geologists. 
The .t.luJi..d -0tep is to prepare preliminary plans and cost estimates 
for those alternatives that provide the best compromise between function 
cost and environmental impact. These plans would include rehabilitation 
plans to ameliorate the expected harmful impacts and to achieve the most 
productive and environmentally harmonious future use. The final choice 
then can be made based on an understanding of the impact of the crossing. 
The specific considerations pertinent to bridge engineering are 
described in more detail in the following sections. 
1.6.1 Site selection 
While the site selection of an encroachment is usually closely 
dictated by the location planning of the proposed road, the encroach-
ment must be sited with full knowledge of its environmental impact. 
To minimize the environmental impact, the following should be 
considered in the selection of an encroachment site. 
(1) Satisfactory geological and soil conditions determined 
through extensive investigation. 
(2) A minimum of scour or fill of hydraulic sediments expected to 
occur at or near the crossing. 
(3) Away from reaches of highly unstable channel. 
(4) Where possible adverse effects on the other existing 
bridges and hydraulic structures can be avoided. 
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(5) Where it is possible to m1n1m1ze the hazards from floods, 
landslides, tornadoes or hurricanes, tsunamis, avalanches, 
earthquakes, or subsidence. 
(6) Where river banks are stable. 
(7) Where ecological impact is acceptable. 
(8) Where aesthetic considerations are favorable. 
1.6.2 Recreation, fish and wildlife 
Preserving and enhancing the quality of recreation, fish and 
wildlife areas is a major goal of the current national environmental 
movement. Proximity to sensitive areas requires an tmderstanding of the 
effect of the encroachment and attention to possible remedial measures. 
The effects of construction activities on fish and wildlife should 
not be overlooked. Dredging, excavating, and storage of materials may 
disturb aquatic and wildlife areas and should be minimized. If disruption 
of natural habitat is necessary, it should be restored to its natural 
state as soon as possible. 
1.6.3 Identification of the existing ecosystem 
Pre-project consideration of the total ecosystem must be an integral 
part of the plan. Ecological studies are necessary to document the 
present characteristics of the environment, to estimate the effect of 
the construction and operation of the proposed bridge on the environment, 
and to provide the basis for selecting measures which minimize any 
projected adverse effects. 
The measures taken to assure that ecological studies are adequate 
include: 
(1) Identifying important and supportive biological species. 
(2) Formulating the ecological studies, including data collection 
techniques. 
(3) Guiding the ecological studies. 
1.6.4 Construction effects 
Although construction may be of short duration as compared to the 
operating life of the project, some changes during construction could 
have long-term damaging effects. 
The impact of each of the construction activities on the environ-
ment must be assessed and measures should be planned and carried out to 
minimize such impact. Erosion control and other pollution control 
measures, the impact on area water supplies, and restoration of the 
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landscape after completion of construction must be considered. The 
effects of construction on navigation, the biota, water quality, 
aesthetics, recreation, water supply, flood damage prevention, ecosystems 
and, in general, the needs and welfare of the people require careful 
attention. 
The environment of the site during construction is of importance 
and should be considered. Specifically, adverse environmental and 
aesthetic impacts induced by the construction can be minimized by: 
(1) Following natural topography to reduce construction scarring. 
Cutt i ng, fi l ling and clearing should usually be held to a minimum. 
(2) Closely monitoring the use of mobile heavy equipment during 
the various construction phases so that damage to the environ-
ment can be minimized. 
(3) Timing the clearing operation to minimize damage to critical 
areas. 
(4) Properly draining rainwater from approach or access roads to 
prevent erosion. 
(5) Controlling the air-emission pollution from all construction 
vehicles. 
(6) Preventing pollution from the burning of waste, littering or 
disposing excess excavation material into water channels. 
(7) Transporting construction equipment to and from the site 
without causing inconvenience to traffic flow or damage to 
the environment. 
(8) Consulting with the land management agencies and complying with 
their requirements. 
(9) Revegetating borrow and spoil areas as soon as practicable 
after disturbance. 
1.7.0 TECHNICAL ASPECTS 
Effects of river development, flood control measures and channel 
structures built during the last century, have proven the need for 
taking into account delayed and far-reaching effects of any alteration 
man makes in a natural alluvial river system. 
Because of the complexity of the processes occurring in natural 
flows and the erosion and deposition of material, an analytical 
approach to the problem is very difficult and time consuming. Most 
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of our river process relations have been derived empirically. Never-
theless, if a greater understanding of the principles governing the 
processes of river formation is to be gained, the empirically derived 
relations must be put in the proper context by employing the analytical 
approach. In that way the distinct limitations of the empirical relations 
can be removed. 
Mankind's attempts at controlling large rivers has often led to the 
s i tuation described by J. Hoover Mackin (1937) when he wrote: 
"the engineer who alters natural equilibrium relations by 
diversion or damming or channel improvement measures will 
often find that he has t he bull by the tail and is unable 
to let go - as he continues to correct or suppress undesirable 
phases of the chain reaction of the stream to the initial 'stress' 
he wi ll necessarily place increasing emphasis on study of the 
genetic aspects of the equilibrium in order that he may work with 
rivers, rather than merely on them." 
Through such experiences, man realizes that, to prevent or reduce 
t he detrimental effects of any modification of the natural processes and 
state of equilibrium on a river, he must gain an understanding of the 
physical laws governing, and become knowledgeable of the far-reaching 
effects of any attempt to control or modify a river's course. 
1. 7 .1 Variables affecting river behavior 
Variables affecting alluvial river channels are numerous and inter-
related. Their nature is such that, unlike rigid boundary hydraulic 
problems, it is not possible to isolate and study t he role of any 
individual variable. 
Major factors affecting alluvial stream channe forms are: 
(1) Stream discharge, 
(2) Sediment load, 
(3) Longitudinal slope, 
(4) Bank and bed resistance to flow, 
(5) Vegetation, 
(6) Geology including types of sediments, 
(7) Works of man. 
The. ofuv-lai. pltOC.e..61.>e..6 .ln.volved Me. Veil.If c.omplic.a.ted and the. vall..la.b.f..e..6 
06 .lmpoll.ta.n.c.e. Me. d.l66-lc.u.,lt, to .l6o.f..ate.. Many laboratory and field 
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studies have been carried out in an attempt to relate these and other 
variables to the present time. The problem has been more amenable to an 
empirical solution than an analytical one. 
In an analysis of flow in alluvial rivers, the flow field is compli-
cated by the constantly changing discharge. Significant variables are, 
therefore, quite difficult to relate mathematically. It is desirable 
to list measurable or computable variables which effectively describe 
the processes occurring and then to reduce the list by making simpli-
fying assumptions and examining relative magnitudes of variables, 
striving toward an acceptable balance between accuracy and limitations 
of obtaining data. When this is done, the basic equations of fluid 
motion may be simplified (on the basis of valid assumptions) to 
describe the physical model. 
It is the role of the succeeding chapters to present these variables, 
define them, show how they interrelate, quantify their interrelations 
where feasible and show how they can be applied to achieve the success-
ful design of river crossings and encroachments. 
1. 7.2 Basic knowledge required 
In order for the engineer to cope successfully with the river 
engineering problems it is necessary that he have an adequate background 
in engineering with an emphasis on: hydrology, hydraulics, erosion and 
sedimentation, river mechanics, soil mechanics, structures, economics, 
the environment and related subjects. In fact, as the public has 
demanded more comprehensive treatment of river development problems, the 
highway engineer should further improve his knowledge, and the applica-
tion of it, by soliciting the cooperative efforts of the hydraulic 
engineer, hydrologist, geologist, geomorphologist, meteorologist, 
mathematician, statistician, computer programmer, system engineer, 
soil physicist, soil chemist, biologist, water management staff, and 
economist. Professional organizations involving these talents should 
be encouraged to work cooperatively to achieve the long range research 
needs and goals relative to river development and application of 
knowledge on a national and international basis. Through an appropriate 
exchange of information between scientists working in these fields, 
opportunities to do a better job with all aspects of river development 
should be greatly enhanced. 
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1.7.3 Data requirements 
Large amounts of data pertaining to understanding the behavior of 
rivers have been acquired over a long period of time. Nevertheless, 
data collection efforts are sporadic. Agencies should take a careful look 
at present data requirements needed to solve practical problems along 
with existing data. Perhaps a careful analysis of data requirements 
would make it possible to more efficiently utilize funds to collect data 
in the future. The basic type of information that is required includes: 
water discharge as a function of time, sediment discharge as a function 
of time, the characteristics of the sediments being transported by streams, 
the characteristics of the channels in which the water and sediment are 
transported, and the characteristics of watersheds and how they deliver 
water and sediment to the stream systems. Environmental data is also 
needed so that proper assessment can be made of the impact of river 
development upon the environment and vice versa. The problem of data 
requirements at river crossings is of sufficient importance that it 
is treated in greater detail in subsequent chapters. 
1.8.0 FtITURE TECHNICAL TRENDS 
When considering the future, it is essential to recognize the 
present state of knowledge pertaining to river hydraulics and then 
identify inadequacies in existing theories and encourage further 
research to help correct these deficits of knowledge. In order to 
correct such deficits there is need to take a careful look at existing 
data pertaining to rivers, future data requirements, research needs, 
training programs and methods of developing staff that can apply this 
knowledge to the solution of practical problems. 
1.8.1 Adequacy of current knowledge 
The basic principles of fluid mechanics involving application of 
continuity, momentum and energy concepts are well known and can be 
effectively applied to a wide variety of river problems. Considerable 
work has been done on the hydraulics of rigid boundary open channels 
and excellent results can be expected. The steady-state sediment 
transport of nearly uniform sizes of sediment in alluvial channels 
is well understood. There is good understanding of stable channel 
theory in noncohesive materials of all sizes. The theory is adequate 
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to enable us to design stable systems in the existing material or if 
necessary, designs can be made for appropriate types of stabilization 
treatments for canals and rivers to have them behave in a stable manner. 
A good understanding of plane bed fluvial hydraulics exists. There have 
been extensive studies of the fall velocity of noncohesive sediments in 
static fluids to provide knowledge about the interaction between the 
particle and fluid so essential to the development of sediment transport 
t heories. 
In conclusion, ava.U..a.ble concept.6 a.nd theonu which c.a.n be applied 
t o the behavi on 06 ~ ve/L6 Me e.x.teMive. However in many instances, 
only empirical relat i onships have been developed and these are pertinent 
t o specific pr oblems only. Consequently, a more basic theoretical under-
s tanding of flow in the river systems needs to be developed. 
With respect to many aspects of river mechanics, it can be concluded 
t hat knowledge is available to cope with the majority of river problems. 
On the other hand, the numb~ 06 indiv-ld.u..ahi who Me cognizant 06 ew.:t.,,i,ng 
theony and c.a.n apply d .6 uc.c.e.1>.6 6 u.li'..y to the .6 olulio n o 6 ~v ~ pno blem.6 i-6 
-U.mU:ed. Particularly, the number of individuals involved in the actual 
solution of applied river mechanics problems is very small. There is a 
specific reason for this deficit of trained personnel. Undergraduate 
engineering educators in the universities in the United States, and in 
the world for that matter devote only a small amount of time to teaching 
hydrology, river mechanics, channel stabilization, fluvial geomorphology, 
and related problems. It is not possible to obtain adequate training 
in these important topics except at the graduate level and only a limited 
number of universities and institutions offer the required training 
in these subject areas. A great need at this time (1974) is to adequately 
train people to cope with river problems. 
1.8.2 Research needs 
As knowledge of river hydraulics is reviewed, it becomes quite 
obvious that many things are not adequately known. Rel>eMc.h need.6 Me 
pMtic.u1aJr.ly uJtg ent and pnom,u, e a Jtath~ quic.k netunn. The c 1 ass i fi ca-
t ion of rivers is one area. Different kinds of rivers should be studied 
separately because the factors governing their behavior may not be the 
same. Stabilization of rivers and bank stability of river systems needs 
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further consideration. Also, the study of bed fonns generated by the 
interaction between the water and sediment in the river systems deserves 
further study. The types of bed fonns have been identified but theories 
pertaining to their development are inadequate. Simple terms have been 
used to describe the characteristics of alluvial material of both 
cohesive and noncohesive types; a comprehensive look at the characteris-
tics of materials is warranted. 
Other important research problems include the fluid mechanics of 
the motion of particles, secondary currents, two-dimensional velocity 
di stributions, fall velocity of particles in turbulent flow and the 
application of remote sensing techniques to hydrology and river mechanics . 
The physical modeling of rivers followed by prototype verification, 
mathematical modeling of river response followed by field verification, 
mathematical modeling of water and sediment yield from small watersheds 
and studies of unsteady sediment transport are areas in which significant 
ad·vances can be made. 
Operational research on decision making considering cost and risk 
criteria to detennine the hydrologic and hydraulic design of highway 
structures and project alternatives is another research area. Insuf-
ficient data is frequently a problem of river mechanics analysis. A 
comprehensive study on infonnation theory is needed to cope with such 
difficulties. 
Finally the results of these efforts must be presented in such a 
fonn that it can be easily taught and easily put to practical use. 
1.8.3 Training 
It has been pointed out that engineering training is somewhat 
inadequate in relation to understanding the developments of rivers. 
There is need to consider better ways to train engineers to disseminate 
existing knowledge in this important area. The training of individuals 
could be accomplished by conducting seminars, conferences or short 
courses in institutions in the spirit of continuing education. There 
should be an effort to improve the curriculum of university education 
made available to engineers particularly at the undergraduate level. 
At the very minimum such curriculum should strive to introduce con-
cepts of fluvial geomorphology, river hydraulics, erosion and sedimenta -
tion, environmental considerations and related topics. 
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In order to overcome the deficit of knowledge, manuals, handbooks 
and reference documents should be prepared for practicing engineers. 
Publications of material pertaining to rivers should be encouraged. 
This material can be and is being published to some degree in the pro-
ceedings of conferences, in journals and textbooks. Better use of 
informative films could be made. This is a technique to assist teaching 
effectively, efficiently and economically. Similarly, television and 
video tapes can be economically prepared and utilized in instructional 
situations. Television cameras are available that enable the teacher 
t o record and take field situations directly into the classroom for 
clas s consideration. 
Formal type of training should be supported with field trips and 
laboratory demonstrations. Laboratory demonstrations are an inexpensive 
method of quickly and effectively teaching the fundamentals of river 
mechanics and illustrating the behavior of structures. These demonstra -
tions should be followed by field trips to illustrate similarities and 
differences between phenomena in the laboratory and in the field. 
Finally, larger numbers of disciplines should be involved in the 
trai ning programs. Cooperative studies should involve research personnel, 
practicing engineers and people from the many different disciplines with 
an interest in rivers. 
1.9.0 APPLICATION 
River problems are complex and important. Furthermore, it has 
been illustrated that in many instances inadequate knowledge exists 
to appropriately cope with these problems. In the following chapters 
of this manual there is an effort to present the current state of know-
ledge on rivers and river crossings using fundamentals of fluid mechanics, 
geomorphology, hydraulics, and river mechanics. The final chapter is 
devoted to application of theories, concepts and techniques that are 
presented in this manual to the solution of practical river crossings 
and encroachment by highways. 
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Chapter II 
OPEN CHANNEL FLOW 
2.1.0 INTRODUCTION 
In this chapter the fundamentals of rigid boundary open channel 
flow are described. In open channel flow, the water surface is not 
confined and surface configuration, flow pattern and pressure distri-
bution within the flow depend on gravity. In rigid boundary open channel 
flow, no defonnations or movements of the bed and banks are considered. 
Mobi le boundary hydraulics is discussed in Chapters III, IV and V. In 
this chapter, we restrict ourselves to one-dimensional analysis; that 
i ~, the direction of velocity and acceleration are large only in one 
direction and are so small as to be negligible in all other di r ections. 
Open channel flow can be classified as: (1) unifonn or nonuniform 
flow, (2) steady or unsteady flow, (3) laminar or turbulent flow, and 
(4) tranquil or rapid flow. In unl6oJun 6low, the depth and clu.,c.haltge 
Jz.e.maht c.oru,tant wUh Jz.e6pec.t to .6pac.e.. Also the velocity at a given 
depth is the same everywhere. In .6te.ady 6low, no c.hange. oc.c.u/L6 wUh 
Jz.e6pec.t to .tune. In .e.a.minaJt olow, the flow field can be characterized 
by layers of fluid, one layer not mixing with adjacent ones. TuJz.bulent 
6low on the other hand is characterized by random fluid motion. TJz.anqu.,ll 
6low is distinguished from Jz.ap,i..d 6low by a dimensionless number called 
the Froude number, Fr. In FIL< 1, the 6low -i...6 tll.anqtul; ),6 FIL> 1, the 
6low -i...6 Jz.apM, and l6 Fil. == 1, the 6low -i...6 c.aUed Cl1.U,,lc.aL 
Open channel flow can be nonunifonn, unsteady, turbulent and rapid 
at the same time. Because the classifying characteristics are indepen-
dent, sixteen different types of flow can occur. These terms, uniform 
or nonuniform, steady or unsteady, laminar or turbulent, rapid or 
tranquil, and the two dimensionless numbers (the Froude number and Reynolds 
number) are more fully explained in the following sections. 
2.1.1 Definitions 
Veloclt.y: The velocity of a fluid particle is the time rate of 
displacement of the particle from one point to another. Velocity is a 
vector quantity. That is, it has magnitude and direction. In cartesian 
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coordinates, the mathematical representation of the fluid velocity is 
ds ax ~ az 
V = dt = at + at + at 2 .1.1 
S:tlte.arn.l.i..n.e.: An imaginary line within the flow which is everywhere 
tangent to the velocity vector is called a streamline. 
Ac.c.e.le.Jc..a.:twn: Acceleration is the time rate of change of the 
velocity vector, either of magnitude or direction or both. Mathematically, 
acceleration is expressed by the total derivative of the velocity vector 
or 
dv dv 2 2 DV av 1 a(vs) av l acvn) s n s n 2 .1. 2 -= + --= --+ + -- + Dt dt dt at 2 as at 2 an 
where the subscript s is along the streamline and n refers to the 





) s s a = --+ s at 2 as 
and the noJtma.l ac.c.e.lell.a.-t.i..on component is 
a n 
av 
n = --+ at 
2.1.3 
2 .1.4 
The first terms in Eq. 2.1.3 and 2.1.4 are the change in velocity, 
both magnitude and direction with time at a point. This is called the 
loc.a.l ac.c.e.le.Jtation. The second term in each equation is the change in 
velocity, both magnitude and direction, with distance. This is called 
c.on.ve.mve. ac.c.e.le.Jtation. 
Unl601tm 6low: In uniform flow, there is no change in velocity 












Nonuni.6oJc.m 6,low: In nonuniform flow, velocity varies with position 
av 
s 
~ ., 0 
av n 
an"" -I 0 
Flow around a bend (avn/an I 0) and flow in expansions or contractions 
(avs/as I 0) are examples of nonuniform flow. 
Steady 6low: In steady flow, the velocity at a point does not 




~ = 0 
av n 
at = 0 
Un.6tea.dy 6low: In unsteady flow, the velocity at a point varies 




~ ., 0 
av 
n 
~ ., 0 
Examples of unsteady flow are channel flows with waves, flood hydro-
graphs, and surges. Unsteady flow is difficult to analyze unless the 
time changes are small. 
LamlnaJt 6low: In laminar flow, the mixing of the fluid and 
momentum transfer is by molecular activity. 
TWLbu..lent 6low: In turbulent flow the mixing of the fluid and 
momentum transfer is by random fluctuations of finite "lumps" of fluid. 
The flow is laminar or turbulent depending on the value of the 
Reynolds number (Re• pVL ), which is a dimensionless ratio of the 
1J 
inertial forces to the viscous forces. Here p and JJ are the density 
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and dynamic viscosity of the fluid, V is the fluid velocity and L is a 
characteristic dimension, usually the depth in open channel flow. In 
laminar flow, viscous forces are dominant and Re is relatively small. In 
turbulent flow, Re is large; that is, inertial forces are very much 
greater than viscous forces. 
In turbulent flow over a hydtz.a.u.l,i,c.a.Uy -0moo.th bounda1ty (see 
Section 2.3.2) viscous forces near the boundary are the dominant resis-
tance to flow. With a hydtz.a.u.l,i,c.a.Uy ~ough bounda1ty form drag is more 
significant than viscous drag and is the dominant reason for resistance 
to flow. Between these two types of roughnesses there is an intermediate 
condition where viscosity and form drag affect the flow. 
Turbulent flows are predominant in nature. Laminar flow occurs 
very infrequently in open channel flow. 
Tnanq£.U.f. 6low: In open channel flow, the flow pattern, surface 
configuration, depth, and changes in these quantities in response to 
changes in channel geometry depend on the Froude number (FR= V//g[) 
which is the ratio of inertia forces to gravitational forces. The 
Froude number is also the ratio of the flow velocity to the velocity of a 
small gravity wave in the flow. When FR< 1, the flow is tranquil, and 
surface waves (with velocity VgL) propagate upstream as well as down-
stream. Control of tranquil flow depth is always downstream. 
Rap.id 6low: When FR> 1, the flow is rapid and surface disturbances 
can propagate only in the downstream direction. Control of rapid flow 
depth is always at the upstream end of the rapid flow region. When 
Fr= 1.0, the flow is critical and surface disturbances remain stationary 
in the flow. 
2.2.0 BASIC PRINCIPLES 
2.2.1 Introduction 
The basic equations of flow in open channels are derived from the 
three conservation laws. These are: (1) the c.o~enva..uon 06 mM-0, 
(2) .the c.o~enva..uon 06 Unea1t momentum, and (3) the c.o~enva..uon 06 
ene1r..gy. The conservation of mass is another way of stating that (except 
for mass-energy interchange) matter can neither be created nor destroyed. 
The principle of conservation of linear momentum is based on Newton's 
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second law of motion which states that a mass (of fluid) accelerates 
in the direction of and in proportion to the applied forces on the mass. 
In the analysis of flow problems, much simplification can result 
if there is no acceleration of the flow or if .the a.c.c.e..leJta,t,lon -l6 
p.tu.ma.Jr.ily in one cLUtection, the accelerations in other directions being 
negligible. However, a very inaccurate analysis may occur if one 
as sumes accelerations are small or zero when in fact they are not. The 
developments in this manual assume one-climen6ional nlow and the 
derivations of the equations utilize a control volume. A c.onttc..ol vo.twne 
-l6 a.n -l6ola,ted vo.twne in .the body on .the filt..ud, .th'tough whic.h ma.6.6, 
momentum, a.nd envr..gy c.a.n be c.onvede.d. The control volume may be 
assumed fixed in space or moving with the fluid. 
2.2.2 Conservation of mass 
Consider a short reach of river shown in Fig. 2.2.1 as a control 
volume. The boundaries of the control volume are the upstream cross 
section, designated section 1, the downstream cross section, designated 
section 2, the free surface of the water between sections 1 and 2, and 
the interface between the water and the banks and bed. 
F. 2 2 1 A r1·ver reach as a control volume 1g. . . 
The statement of the conservation of mass for this control volume 
Mass flux 





Time rate of change 
+ in mass in the = 0 
control volume 
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Ma.6.6 can e.n;teJc. olt.. .tea.ve the c.on.t.tr.ol voi.wne thlwu.gh a.ny 01t.. a.U ol, the 
con.t.tr.ol voi.wne .6u.Jt..l,a.cu. Rainfall would contribute mass through the 
surface of the control volume and seepage passes through the interface 
between the water and the banks and bed. In the absence of rainfall 
evaporation, seepage, and other lateral mass fluxes, mass enters the 
control volume at section 1 and leaves at section 2. 
At section 2, the mass flux out of the control volume through the 
differential area dA2 is p2v2 dA2 . The values of p 2 and v2 can 
vary from position to position across the width and throughout the 
depth of flow at section 2. The total mass flux out of the control 
volume at section 2 is the sum of all p 2v2 dA2 through the 
differential areas that make up the cross-section area A2, and may 
be written as 
Therefore 
Similarly 
The amount of mass 
volume is 
and the total mass 
mass inside or 
Mass flux 






inside a differential volume 
p dV 





l p dV 
V 
dV inside the control 
V is then the sum of the 
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The statement of conservation of mass for the control volume calls 
for the time rate of change in mass. In mathematical notation, the 
rate of change is 
so that 
a 
at q: p dV} 
V 
Time rate of change 




at {}: p dV} V 
For the reach of river, the statement of the conservation of mass 
becomes 
{l p dV} = 0 
V 
It i s often convenient to work with average conditions at a cross 
section so we define an average velocity V such that 
or in integral form, 
V=.!_ f vdA 
A A 
The velocity V is the aveJtage veloclty at the cross section. 
2.2.1 
2.2. 2 
2 . 2.3 
If the density of the fluid does not change from position to position 
in a cross section or in the reach, p1 = p2 = p. When the flow is steady 
a 
at {}: p dV} = 0 
V 




where Q is the volume flow rate or the discharge. 
Eq. 2.2.4 .l6 the. oa.rn.UJ..alt fioJtm 06 the. C.OMeJtvation Do ma.M 
e.qua.u.on fio~ JuveJt filoW&. It is applicable when the fluid density is 
constant, the flow is steady and there is no lateral inflows nor seepage. 
2 .2.3 Conservation of linear momentum 
The curved reach of river shown in Fig. 2.2.1 is rather complex 
t o analyze in terms of Newton's Second Law because of the curvature in 
the flow. Therefore, as a starting point, the differential length of 
reach dx is isolated as a control volume. 




Fig. 2.2.2 The control volume for conservation of linear momentum. 
For this control volume shown in Fig. 2.2.2, the statement of 
conservation of linear momentum is 
Flux of momentum 
out of the control 
volume 
Time rate of 
Flux of momentum 
into the 
control volume 
+ change of momentum = 
Sum of the forces 
acting on the fluid in 
the control volume in the control volume 
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The. teJun6 in the. 1.i.ta:t.e.me.nt Me. ve.c..toM 1.io we. mcu,t be. c.onc.eJr.ne.d w.Uh 
cli.Jr..e.c.tion a.J.i weU. a.J.i ma.gru;tude.. 
Consider the conservation of momentum in the direction of flow 
(the x-direction in Fig. 2.2.2). At the outflow section (section 2), 




Here p2 v2 dA2 is the mass flux (mass per unit of time) and p2v2 dA2 v2 
i s the momentum flux through the area dA2. The total momentum flux 
out through section 2 is 
so Flux of momentum 
out of the control 
volume 
= 
Similarly, at the inflow section (section 1) 
so 




The amount of momentum in the control volume is 
l pv dV 
V 
Time rate of 
change of momentum = 
in the control volume 
a 
at {L pv dV} 
V 
At the upstream section, the force acting on the differential area 
dA1 of the control volume is 
where 
area. 
is the pressure from the upstream fluid on the differential 
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The total force in the x-direction at section 1 is 
Similarly, at section 2, the total force is 
There is a fluid shear stress acting along the interface between 
the water and the bed and banks. The shear on the control volume is 
in a direction opposite to the direction of flow and results in a 
forc e 
-T P dx 
0 
where T is the average shear stress on the interface area, P is the 
0 
average wetted perimeter and dx is the length of the control volume. 
The term P dx is the interface area. 
If the x-direction is normal to the direction of gravity, the 
statement of conservation of momentum in the x-direction for the 
control volume is 
+ ~ {}: pv dV} 
at V 
2.2.5 
In t he limit, the summations can be replaced with integrals so that 
Eq. 2.2.5 becomes 
+ ~ {/ 
at V 




which is the integral form of the momentum equation. 
2.2.6 
Again, as with the conservation of mass equation, it is convenient 
to use average velocities instead of point velocities. We define a 
momentum coefficient B so that when average velocities are used 
instead of point velocities, the correct momentum flux is considered. The 
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momentum coefficient is 








which reduces to 
e 1 f 2 dA = V2A V A 
2.2.8 
if there is no variation in fluid density at a cross section. By 
assuming pl= p2 = p , Eq. 2.2.6 is reduced to 
If the flow is 
2 2 a pS2V2 A2 pSlVl Al+ p at 




at { f v dV} = 0 
V 
{J V dV} 
V 
P2 dA2 T p dx 0 2.2.9 
2.2.10 
The pressure force and shear force terms on the right-hand side of 
Eq. 2.2.10 are usually abbreviated as l F or 
X 
l F = J 
X A 
1 
Pl dA1 - f p dA - T P dx A 2 2 o 
2 
2 .2 .11 
Then, for steady flow of constant density fluid, the conservation of 
momentum equation becomes 
2.2.12 
For steady flow with constant density, the conservation of mass equation 
(Eq . 2.2.4) was 
With this expression, :the .1>teady 6.low C.On.6eJl.va.:ti..on 06 UneaJL momentum 
equa.t,i,on :ta.ku on the 6amil.,la/t 6oJun 
2.2.13 
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2.2. 4 Conservation of energy 
The Ffut Law 06 Thvrmodyna.ml~ can be written 
. • dE Q - w = -dt 2. 2.1 4 . 
where Q = the rate at which heat is added to a fluid system 
. 
w = the rate at which a fluid system does work on its 
surroundings 
E = the energy of the system 
Then dE/dt is the rate of change of energy in the system. 
The statement of conservation of energy for a control volume i s 
then 
Flux of energy 
out of the 
control volume 
+ 
Flux of energy 
into the 
control volume 
Time rate of . 
change of energy = Q 
in the control volume 
. 
w 
The choice of a contro l volume is arbitrary. Because of the 
complexities resulting from having to integrate over the cross-sectional 
area, the control volume which includes the entire cross section of the 
river is inconvenient. Therefore, the control volume is reduced to the 
size of a streamtube connecting dA1 and dA2 
as shown in Fig. 2.2.3. 
The streamtube is bounded by streamlines through which no mass or 
momentum enters. 
0 
dx - X 
Fig. 2.2.3 The streamtube as a control volume 
and 
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For steady constant density flow in the streamtube 
Flux of energy 
out of the 
control volume 
Flux of energy 
into the 
control volume 
Here e is the energy per unit of mass. Accordingly, the total energy 
in a control volume of size V is 
E = J pe dV 2.2.15 
V 
Because the flow is steady 
Time rate of 
change of energy = 0 
in the control volume 
Unless one is concerned with thermal pollution, evaporation losses, or 
problems concerning the formation of ice in rivers, the rate at which 
heat is added to the control volume can be neglected; that is, 
. 
Q :::, 0 2.2.16 
!he work done by the fluid in the control volume on its surroundings 
can be in the form of pressure work W, shear work W, or shaft 
p t 
work (mechanical work) W. For the streamtube shown in Fig. 2.2.3, no 
s 
shaft work is involved. 
The rate at which the fluid pressure does work on the control 
volume boundary dA1 in Fig. 2.2.3 is 
and on boundary dA2, the rate of doing pressure work is 
At the other boundaries of the streamtube, there is no pressure work 




Along the interior boundaries of the streamtube there is a shear 
stress resulting from the condition that the fluid velocity inside the 
strearntube may not be the same as the velocity of the fluid surrounding 
the streamtube. The rate at which the fluid in the strearntube does 
shear work on the control volume is 
. 
W = TP dx v 
T 
2.2.18 
where T is the average shear stress on the strearntube boundary, P is 
the average perimeter of the streamtube, dx is the length of the stream-
tube and V is the fluid velocity at the streamtube boundary. The product 
P dx is the surface of the strearntube subjected to shear stresses. 
Then for steady flow in the streamtube, the statement of the 
conservation of energy in the streamtube shown in Fig. 2.2.3 is 
2.2.19 
If the density is constant in the streamtube, the conservation of mass 
for the strearntube is (according to Section 2.2.2) 
and 
p = p = p 
2 1 
2.2.20 
Now Eq. 2.2.19 reduces to 
2.2.21 
The energy per unit mass e is the sum of the internal, kinetic 
and potential energies or 
2 
V e = u + 2 + gz 2.2.22 
where 
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u = the internal energy associated with the fluid 
temperature 
v = the velocity of the mass of fluid 
g = the acceleration due to gravity 
z = the elevation above some arbitrary reference level. 
This expression for e is substituted in Eq. 2.2.21 to yield 
2 2 
vl pl v2 P2 TPvdx 2.2.23 ul + - + gz + -= u2 + -+ gz2 + -+ 2 1 p 2 p pdQ 
By dividing through by g and calling the term 
u2 - u 1 TPvdx 
+ pgdQ g 
the head loss ht, the energy equation for the streamtube becomes 
2 2 
vl P1 v2 P2 
z2 + ht 2.2.24 -+ -+ z = -+ -+ 2g y 1 2g y 
16 :theJc.e. L6 no .6 he.alt .6:tlc.U.6 on :the. .6:tlc.eamtube. boundo.JuJ a.nd io :thvr.e. L6 




), :the envr.gy equa.:tion 1teduc.u :to 
2.2.25 
which is :the BeJc.nou.fU. Equcttlon. 
Generally, there is not sufficient information available to do a 
differential streamtube analysis of a reach of river so appropriate 
changes must be made in the energy equation. A reach of river such as 
that shown in Fig. 2.2.1 can be pictured as a bundle of streamtubes. 
We know the statement of the conservation of energy for a streamtube. 
It is Eq. 2.2.24 which can be rewritten 
2 
vl P1 
(2g + Y + z1) v 1 dA1 
• 2 
v2 P2 
= ( 2g + y + z 2) v 2 dA2 + h R, vdA 2.2.26 
becaus e 
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for the streamtube. By summing the energies in all the streamtubes 
making up the reach of river, we can write 
2.2.27 
Eq. 2. 2.27 is the common form of the energy equation used in open 
channel flow. It is derived from Eq. 2.2.26 by integrating Eq. 2.2.26 
over the cross-section area; that is 
2 2 
f (~ + E. + z) vdA = { a.V + E. + z}Q 
A 2g y 2g y 
where a. is the fune,tlc. eneJtgy c.o!Vl.ec;t,i,on 6act.o~ defined by the 
expression 




t o a llow the use of average velocity V rather than point velocity v. 
The average pressure over the cross section is p, defined as 
- 1 f p = - p vdA 
VA A 
2.2.30 
The term z is the average el evation of the cross section defined by the 
expression 
1 
z = VA f z vdA 
A 
and Q is the volume flow rate or the discharge. By definition 
Also 
Q = f vdA 
A 





In summary' the e.xplte.l>.6,Wn no~ C.On.6eltVCLtion on ene1tgy 60~ .6teady 
6low ,ln a ~each 06 ~Veit ,i,,6 written 
2.2.34 
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The tendency in river work is to neglect the energy correction 
factor even though its value may be as large as 1.5. Usually it is assumed 
that the pressure is hydrostatic and the average elevation head z is 
at the centroid of the cross-sectional area. However, it should be kept 
in mind that Eqs. 2.2.29, 2.2.30 and 2.2.31 are the correct definitions 
of the terms in the energy equation. 
2.2.5 Hydrostatics 
When the only forces acting on the fluid are pressure and fluid weight, 
the differential equation of motion in an arbitrary direction x is 
a a 
cE. + z) = ~ 2.2.35 ax y g 
In s teady uniform flow (and for zero flow), the acceleration is zero and 
we obtain the equa;tlon 06 hydJto~ta;tlc..6 
E. + z = Constant 
y 
2.2 .36 
However, when there is acceleration, the piezometric head varies in the 
fl ow . That is, the piezometric head is not constant in the flow. This 
is i llustrated in Fig. 2.2.4. In Fig. 2.2.4a the pressure at the bed is 
equal to yy whereas in the curvilinear flow (Fig. 2.2.4b) the pres-
o 
sure is larger than yy because of the acceleration resulting from a 
0 
change in direction. 
,-- Piezometer Piezometer ~ 
-
(o) Steady uniform flow ( b) Steady nonuniform flow 
Fig. 2.2.4 Pressure distribution in steady uniform and in 
steady nonuniform flow 
In general, when fluid acceleration is small (as in gradually 
vari ed flow) the pressure distribution is considered hydrostatic. 
However, for rapidly varying flow where the streamlines are converging, 
expanding or have substantial curvature (curvlinear flow), fluid 
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accelerations are not small and the pressure distribution is not 
hydrostatic. 
In Eq. 2.2.36, the constant is equal to zero for gage pressure 
at the free surface of a liquid, and for flow with hydrostatic 
pressure throughout (steady, uniform flow or gradually varied flow) 
it follows that the pressure head p/y is equal to the vertical 
distance below the free surface. In sloping channels with steady 
uniform flow, the pressure head p/y at a depth y below the 
surface is equal to 
E.. = y cose 
y 
2.2.37 
Note that y is the depth (perpendicular to the water surface) to the 
poi nt, as shown in Fig. 2.2.S. For most channels, 8 is small and 
cose ::: 1. 
Fig. 2.2.S Pressure distribution in steady uniform 
flow on large slopes 
2. 3 .0 STEADY UNIFORM FLOW 
2.3.1 Introduction 
1 n .6:t.e.a.dy, u.ni-6 01t.n1 o pe.n c.ha.nne.i. 6,tow theJt.e. Me. no a.c.c.e.f.eltA.-t)_o n.6, 
.6.tJte.amUne..6 Me. .6t/uught a.nd pa.!UtU.e.i. a.nd the. p!l.e.MuJte. fubub!Ltion ,l6 




and the energy gradient Sf are equal. Consider the unit width 
of channel shown in Fig. 2.3.1 as a control volume. According to 
Eq . 2.2.34, the conservation of energy for this control volume is 
v, 
---- y I 
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Control volume 
Fig. 2.3.1 Steady uniform flow in a units width channel 
The pressure at any point y below the surface is y cose. Then 
according to Eq. 2.2.30 
Assuming only small variations in the point velocity v with y, 
yy1 cose 




Also according to Eq. 2.2.31 
y1 cose 
zl "'zl + 2 
and 
With the above expressions for p1 , p2, z1, and z2 the energy 








2 + z2 + 2 
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or 
For most natural channels e is small and y case~ y. The velocity 
distribution in the vertical is normally a log function for which 




and the slopes of the bed, water surface and energy gradeline are 
respectively 
(zl+yl) - (z2+y2) 
s = w llL 





+ z2) (2~ + y 1 - C2g + Y2 
s = - = f llL llL 





flow and is difficult to obtain even in laboratory flumes. For many 
applications, the flow is steady and the changes in width, depth or 
direction (resulting in nonuniform flow) are so small that the flow can 
be considered uniform. In other cases, the changes occur over such a 
long distance the flow is a gradually varied flow. 
Variable s of interest for steady uniform flow are: (1) the mean 
velocity V, (2) the discharge Q, (3) the velocity distribut ion 
v(y) in the vertical, (4) the head loss HL through the reach, and 
(5) the shear stress, both local T and at the bed T • The variables 
0 
are interrelated and which variable we determine and how we determine 
it depends on the data available. For example, if the discharge and 
cross-sectional area are known, the mean velocity is easily determined 
for some suitable equation such as Manning's or Chezy's equation . 
• 
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2.3.2 Shear-stress and velocity distribution 
Shear stress T is the internal fluid stress which resists 
deformation. The shear stress exists only when fluids are in motion. 
It is a tangential stress in contrast to pressure which is a normal 
stress. 
The local shear stress at the interface between the boundary and 
the fluid can be determined quite easily if the bounda!r..y L6 hydll.a..uliea.1,ly 
-0moo.th; that is, if the roughness at the boundary is submerged in 





Fig. 2.3.2 Hydraulically smooth boundary 
laminar sublayer is o'. In laminar flow, the shear stress at the 
boundary is 
2.3.5 
The velocity gradient is evaluated at the boundary. The dynamic 
viscosity µ is the proportionality constant relating boundary shear 
and velocity gradient in the viscous sublayer. 
When the boundaJty ,u., hyc/.lta.u,U_ea,U,y ~ough, there is no viscous or 
laminar sublayer. The paths of fluid particles in the vicinity of 
the boundary are shown in Fig. 2.3.3. 
~ --
-x 
Fig. 2.3.3 Hydraulically rough boundary 
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The velocity at a point near the boundary fluctuates randomly 
about a mean value. The Jta.ndom 6lu.c.:tu.a;ti,on ,i..n velocL:ty ,i/2 c.a,U.ed 
twtbulenee. For the hydraulically rough boundary, 
so another method of expressing T i s required. So far, the only 
0 
satisfactory way of determining the boundary shear stress at a rough 
boundary has been experimentally. 
If we follow a unit of mass of flui d in the flow near a rough 
boundary, the path is erratic. As shown in Fig. 2. 3.4a, the particle 
has a vertical component of velocity v as well as a horizontal y 








t--i £ .!':. 
dy 
(a) Path of the pa rti cle lb l Velocity profile 
Fig. 2.3.4 Velocities in turbulent fl ow 
The two components of velocity in Fig. 2.3.4a can be written as 
V = V + V 2.3.6 
X X X 
and 
V = V + V 2.3.7 y y y 
where v and v are the time-averaged mean velocities in the x and 
X y t 
y direction and v and v are the fluctuating components. 
X y 
Through experimental correlations it has been found that the bounda.Jty 
-0heo.Jt J.Jbte-0-0 001t twtbulen:t nlow a:t. :the bounda.Jty .u, 
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-,-, 
T = -pV V 2.3.8 
-,-, 
The term v v 
X y 
0 X y 




a point in the flow. It is called the Reynolds shear stress. 
I 
Prandtl (1925) suggested that v and v are related and 
I 
furthermore that v 
X 
X y 
is related to the velocity gradient 
in Fig. 2.3.4. He proposed to characterize the turbulence 





V '\, R, (dv) dy 2.3.9 X 
I 
(dv) V '\, Q, y dy 2.3.10 
and 
T 'v p Q,2 (dv) 2 
dy 2. 3.11 
If it is assumed that the mixing length can be represented by the 
product of a constant 1 and y (i.e; Q, = KY), then for steady 
uniform turbulent flow, 
T = 2.3.12 
Using different reasoning Von Karman (1930) derived the same equation. 
Eq. 2.3.12 can be rearranged to the form 
r.-;; 
0 2 .3.13 
,,. ,,. 
where K is the Von Karman universal velocity coefficient. For rigid 
boundaries K has the average value of 0.4. The term T is the 
1/2 o 
shear stress at the bed. The term (T
0
/p) has the dimensions of 
velocity and is called the shear velocity. Integration of 2.3.13 
yi elds 








log L y' 2.3.14 
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Here ln is the logarithm to the base e and log is the logarithm 
to the base 10. The term y' results from evaluation of the constant 
of integration assuming v = 0 at some distance y' above the bed. 
The term y' depends on the flow and has been experimentally 
determined. The many experiments have resulted in characterizing 
turbulent flow into three general types: 
(1) H yc!Jr.a.uli.c.a.1.1.y .6rnoo.th bou.ndaJr.y twr..bu.le.n,t: flow where the 
velocity distribution, mean velocity, and resistance to flow are 
independent of the boundary roughness of the bed but depend on fluid 
viscosity. Then where o ' is equal to ll.6v//;/p, y' = o '/107. 
0 
(2) Hyc!Jr.a.uli.ca.Le..y Jtou.gh bou.ndaJc.y twr..bu.le.n,t: olow where velocity 
distribution, mean velocity and resistance to flow are independent of 
viscosity and depend entirely on the boundary roughness. For this 
case, y' = k /30.2 where k is the height of the roughness element. 
s s 
(3) TMn.6ilion where the velocity distribution, mean velocity 
and resistance to flow depends on both fluid viscos i ty and boundary 
roughness. Then 
0 I 




There are many forms of Eq. 2.3.14 depending on the experimental 
and the method of expressing y'. In this manual, the Einstein method 
of expressing y' is employed. The. Ein.6.tun ooJun on .the. KaJunan-
PMnd.tl ve.lou.ty furubu.uon, me.an ve.lou.ty and lte..6~.tance .to olow 
equ.a:Uo n.6 aJr.e.: 
~* = 5.75 log (30.2 ~y) 
s 
= 2.5 ln (30.2 ~y) 
s 
V C xyo 
- - - = 5.75 log (12.27 -k ) 
v* Ii s 
xy 
= 2.5 ln (12.27 k 0 ) 
s 
where 





= the height of the roughness el~ments. For sand channels, 











v = the local mean velocity at depth y 
= the depth of flow 
= the depth-averaged velocity 





= the shear stress at the boundary and for steady uniform flow 
= yRSf 
R = the hydraulic radius equal to the area divided by the wett ed 
perimeter. 
Sf = the slope of the energy gradeline 
o' = the thickness of the viscous sublayer 
11. 6v 
= 2.3.17 
C/./g = the Chezy discharge coefficient in the equation 
V C ~RS D = (~ ) l / 
2 
= yl{:"',f or r 2. 3 .18 
f = the Darcy-Weisbach r esistance coefficient and is given by 
the expression 
8t 
f = 0 
pV2 
~ 
0 ~ ----!: ~ - - - -+--- ----
...... Rouoh Wall 
g~ 
~ 0 - ----------- - ------- ---~, 
Cl) 
.1 1 




Fig. 2.3.5 Einstein's multiplication factor x in the 
logarithmic velocity equations (Einstein, 1950) 
2.3.19 
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2.3.3 Empirical velocity equations 
Because of the difficulties involved in determining the shear 
stress and hence the velocity distribution in turbulent flows the 
emp.vuc.a£ a.pp.tr.oa.c.h to deteJtmi.ne mea.n vdoc.,i;ti_e1, in .tr.,i_veJU, ha-6 been 
p.tr.eva£ent. Two such empirical equations are in common use. They are 
Ma.nning'.6 equa,t,i,on 
V = 1.486 
n 
R2/3 S 1/2 
f 
and Chezy'.6 equa,t,i,on 
where 
V = CRl/2 S 1/2 
f 
V = the average velocity in the cross section 
n = Manning's roughness coefficient 
2.3.20 
2.3.21 
R = the hydraulic radius equal to the cross-sectional area 
A divided by the wetted perimeter P 
Sf = the energy slope of the channel 
C = Chezy's discharge coefficient known as Chezy's C. 
In these equations, the boundary shear stress is expressed implicitly 
in the roughness coefficient n or in the discharge coefficient C. 
By equating the velocity determined from Manning' s equation with the 
ve locity determined from Chezy's equation, the relation between the 
coefficients is 
C = 1. 486 Rl/6 
n 
2.3.22 
If the flow is gradually varied, Manning's and Chezy's equations 
are used with the energy slope Sf replaced with an average friction 
slope Sf The term Sf is determined by averaging over a 
ave ave 
short time increment at a station or over a short length increment 
at an instant of time, or both. 
Ov e.tr. ma.ny dee.a.deli a. c.a.t.a.i.o g o 6 va.i.u.eli o 6 Manning '.6 n a.nd 
Chezy'.6 C ha..6 been M.6embled so that an engineer can estimate the 
appropriate value by knowing the general nature of the channel boundaries. 
An abbreviated list of Manning's roughness coefficients is given in 
Table 2.3.1. Additional values are given by Barnes (1967) and V. T. Chow 
(1959). Manning's n for sandbed channels is discussed in detail in Chapter III. 
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Table 2.3.1 Manning's roughness coefficients for various 
boundaries 
Rigid Boundary Channels 
Very smooth concrete and planed timber 
Smooth concrete 













Straight unlined earth canals in good condition 
Rivers and earth canals in fair condition-some growth 




considerable moss growth 
Mountain streams with rocky beds 0.040-0.050 
Alluvial Sandbed Channels (no vegetation).!/ 




washed out dunes or transition 
plane bed 










Yoata is limited to sand channels with 050 < 1.0 mm. 
2. 3. 4 Average boundary shear stress 
The shear stress at the boundary T 
0 
determined by applying the conservation of 
to the control volume shown in Fig. 2.3.6. 
of the conservation of mass is 
Mass flux 





for steady uniform fl ow is 
mass and momentum principles 
Recall that the statement 
Time rate of change 
+ in mass in the = 0 
control volume 
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and the statement of the conservation of linear momentum is 
Momentum flux 





Time rate of change Sum of the forces 
acting on the fluid in 
the control volume 







Fig. 2.3.6 Control volume for steady rmiform flow 
As the flow is steady 
and 
Time rate of change 
in mass and momentum in = 0. 





out of the 
control volume 
II-29 
The conservation of mass is then 
or 2.3.23 
The conservation of momentum in the downstream direction is composed 
of the terms 
Momentum flux 





is the momentum of a unit volume at the outflow section, and 






The pressure force acting on the control boundary at the upstream 
section is 
As the flowlines are parallel 
so 
p = yy 
1 
Yo 
F1 = f yWy dy = 
0 




Simi larly at the downstream section the force acting on the boundary 
is 
F = 2 
2 -yy w 
0 
2 




and the downstream component of this body force is 
yAL sine 
where e is the slope angle of the channel bed. The average boundary 
shear stress is T acting on the wetted perimeter P. The shear force 
0 
F i n the x-direction is 
s 
F = T PL 
S 0 
2 . 3 . 26 
With the above express ions for the components, the statement of 
conservation of linear momentum becomes 
pVlyoW vl = yAL 
2 w 2 w yyo yyo 
+ 
2 2 
which reduces to 
A . e ,
0 




2. 3. 27 
2. 3.28 
The t erm A/P is called the hydraulic radius R. If the channel slope 
angle is small 
sine :oe s 
0 
and t he a.veJta.ge. -0he.M -0:tltU-0 on the. boundalty J..-6 
T = yRS 
0 0 
I f the flow is gradually varied nonuniform flow, the average 
boundary shear stress is 
T = yRS 
0 f 
where Sf is the slope of the energy gradeline. 
2 .3.29 
2. 3. 30 
2.3.31 
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2.4.0 UNSTEADY FLOW 
Unsteady flow of interest to the designer of waterway crossings and 
encroachments are: (1) waves resulting from disturbances of the water 
surface by wind and boats, (2) waves resulting from the surface instabil-
ity that exists for flows with Froude numbers close to 1. 0, (3) waves 
resulting from flow disturbance resulting from change in direction of 
flow with Froude numbers greater than 2.0, (4) surges or bores resulting 
from sudden increase or decrease in the flow by opening or closing of 
gates or the movement of tides on coastal streams, (5) standing waves 
and antidunes that occur in alluvial channel flow, and (6) flood waves 
resul ting from the progressive movement downstream of stream runoff or 
gradual release from reservoirs. 
Waves are an important consideration in bridge hydraulics when 
designing slope protection of enbankments and dykes, and channel improve-
ment s. In the fo lowing paragraphs, only the basic one-dimensional 
analys is of waves and surges is presented. Other aspects of waves are 
presented in other sections. 
2.4.1 Gravity waves 
The general equation for the celerity C of a small amplitude 
gravity wave (velocity of the wave relative to the velocity of flow) is 
" 21ry 1/2 
C = {L tanh --0 } 
21r >.. 
where the terms are defined in Fig. 2.4.1. 
0 
0 
Fig. 2.4 .1 Definition sketch for small amplitude waves 
For deep water waves (short waves) 
• 
Yo 1 




For shallow water waves (long waves) 
and 




2 . 4 .3 
If T is the time (period) of travel of one water cres t to another at 
a given point, then 
" C = -T 2.4.4 
In Eq. 2.4.2, the celerity is independent of depth and depends on 
gravity and wave length. This is the celerity of ocean waves. In 
Eq. 2.4.3, the celerity is a function of gravity and depth and is used 
for small amplitude waves in open channels. These equations apply only 
to small amplitude waves; that is, f << 1. 
The celerity of finite amplitude shallow water waves has been 
determined both analytically using Bernoulli's equation and experi -
menta lly and is given by the expression 
(y + 2a) 2 
C ={(yo+ a)y 
0 0 
When 2a is small in comparison to y 
0 
Generally as 2a/y 
0 
peak and breaks. 




approaches unity the crest develops a sharp 
2.4.S 
2.4.6 
In the above equations, C is measured relative to the fluid. If 
the wave is moving opposite to the flow then, when C > V, the 
waves move upstream; when C = V, the wave is stationary; and when 
C < V, the wave moves downstream. When V equals C for small 
ampl itude flow, 
V= /gy" 
0 
The de o,lhLti..on on .the. F1tou.de nwnbe.1t l6 
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Fr= V 2.4.8 
~ 0 
Thus, the F1tou.de nwnbeJt ,u, the tr.ai:J.,o 06 the velocJJ,y 06 6£ow t,o the 
c.ei.vu;ty 06 a .6mai.l-amp.lUu.de wave. When Fr < 1 (tranquil flow), a 
small amplitude wave moves upstream. When Fr> 1 (rapid flow), a 
small amplitude wave moves downstream and when Fr= 1 (critical 
flow), a small amplitude wave is stationary. The fact that waves or 
surges cannot move upstream when the Froude number i s equal to or 
greater than 1.0 is important to remember when determining the control 
points for gradually varied f l ows and for determining when the stage-
di scharge relation at a cross section can be affected by downstream 
conditions. 
2. 4.2 Surges 
A surge is a rapid increase in the depth of flow. A surge may 
r esult from sudden release of water from a dam, or from an incoming 
t i de. If the ratio of wave height 2a to the depth y is less than 
0 
unity, the surge has an undulating wave form. If 2a/y is greater than 
0 
one, the first wave breaks and produces a discontinuous surface. The 
br eaking wave dissipates energy and the previous equations for wave 
celerity do not hold. However, by applying the momentum and continuity 
equations for a control volume encompassing the surge (Fig. 2.4 . 2), 
Fig. 2.4.2 Sketch of a surge and its control volume 
the equation 
1 Yz Yz 112 
C = {gyl [2- (- + l)]} 
Y1 Y1 
2.4.9 
for the velocity of the surge can be derived. 
II-34 
Equation 2.4.9 gives the velocity of the surge as it moves upstream 
as in the case of a sudden total or partial closure of a gate in a 
channel or of an incoming tide, or the surge that moves downstream with 
the sudden opening of a gate increasing the flow. The lifting of a 
gate in a channel not only causes a position surge to move downstream, 
it also causes a negative surge to move upstream. Equation 2.4.9 is 
approximately correct for the celerity of the negative surge if the 
height of the surge is small compared to the depth. As it moves up-
stream a negative surge quickly flattens out. 
2.4.3 Hydraulic jump 
When the oncoming velocity of flow is rapid or supercritical the 
surge is a moving hydraulic jump. When v
1 
equals the celerity of the 
surge the jump is stationary and Eq. 2.4.9 is the equation for a 











Equation 2.4.11 has been experimentally verified along with the dependence 
of the jump length and energy dissipation on the Froude number of the 
approaching flow. The results of these experiments are given in Fig. 2.4.3. 
When the Froude number for rapid flow is less than two an undulating 
jump with large surface waves is produced. The waves are propagated 
for a considerable distance downstream. In addition when the Froude 
number of the approaching flow is less than three the energy dissipation 
of the jump is not large and jets of high velocity flow can exist for 
some distance downstream of the jump. These waves and jets can cause 
erosion a considerable distance downstream of the jump. 
2.4.4 Roll waves 
Shallow 6low on .6.te.e.p .tilope6 ma.y .6Ull.ge. M. pu..l.6a.te.. The waves formed 
are called roll waves. They are observed in shallow flow over spillways, 





>-. -,_J ...c: 
...... 













Fig. 2.4.3 Hydraulic jump characteristics as a function of the Froude 
number 
There is no simple criterion for determining when roll waves form, 
their velocity or their size. Their formation, size and velocity depend 
on the roughness and slope of the channel, the initial depth of flow, the 
length of channel and the nature of any disturbance that triggers them. 
Roll waves form when the Froude number is greater than two or the slope 
' is approximately four times greater than the critical slope. They can 
cause the resistance to flow to increase. 
2.4.S Flood waves 
Methods of determining the velocity of flood waves and of routing 
floods through a channel or river reach is beyond the scope of this 
manual. Various methods and computer programs are available. In 
general, the methods are based on solutions of the basic differential 
equations for unsteady flow or on hydrologic methods that make no 
direct use of the equations of motion but use the continuity equation. 
In general, the front of a flood wave travels downstream with a greater 




The flood wave velocities range from 1.2 to 1.7 times the mean water 
velocity depending on the characteristics of the flood waves and the 
channel. 
2.5.0 STEADY RAPIDLY VARYING FLOW 
2.5.1 Introduction 
S:tea.dy nlow :th!tou.gh fte£a.:tlve£y ~hoJtt :tlutn6ilion6 whe1te .the nlow -<A 
u.ninOllm benofte and an:teJt :the :tlutn6ilion c.a.n be. analyzed U6ing the 
BeJtnou.Lli.. equation. Energy loss due to friction may be neglected; 
at least as a first approximation. Refinement of the analysis can be 
made as a second step by including friction loss. For example, the 
water surface elevation through a transition is determined using the 
Bernoul l i equation and then modified by determining the friction loss 
ef fects on velocity and depth in short reaches through the transition. 
Energy losses resulting from separation cannot be neglected and 
transitions where separation may occur need special treatment which may 
include model studies. Contracting flows (converging streamlines) are 
less susceptible to separation than expanding flow. Also, any time a 
transition changes velocity and depth such that the Froude number 
approaches unity, problems such as waves, blockage or choking of the 
flow may occur. If the approaching flow is rapid (supercritical), a 
hydraulic jump may result. Transitions for rapid flow are discussed 
in Section 2.8.0. 
TJtan6ilion6 atte U6ed to c.on:tlutc:t oft expand a c.hanne.£ width, 
(Fig. 2.5.la); :to inc.tt~e. oft dec.tt~e in bottom e£e.va;t,i.on (Fig. 2.5.lb); 
oft to c.hange. both :the width and bottom e£eva;t,i.on. The first step in 
the analysis is to use the Bernoulli equation (neglecting any head loss 
resulting from friction or separation) to determine the depth and 
velocity changes of the flow through the transition. Further refine-
ment depends on importance of freeboard, whether flow is rapid, and 
whether flow approaches critical. 
The Bernoulli equation for flow in Fig. 2.5.lb is 
v2 v2 
1 2 
2g + Y 1 = 2g + Y 2 + t:.z 2.5.1 
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(a) Width cont ract i on (bl Bed rise 









H = 2g + y 
2.5.2 
2.5.3 
The :teJun H -<A c.all.ed :the 1.>peuf/.c. he.a.d and -<A :the hugh:t 06 :the :to:ta.l. 
he.a.d above :the c.hannel bed. 
In the analysis of flow through transitions, the Bernoulli equation 
gives a numerical solution to the problem but very little descriptive 
information of the depth variation. Only after the analysis is 
completed will it be known if the depth will increase or decrease as the 
fluid passes through the transition or even if the flow is physically 
possible. On the other hand by investigating the various interrelations 
between the variables (H, Vandy) in the specific head equation the 
variation of depth through a transition can be predicted. 
There are two conditions for analyzing the flow through transitions. 
In the first condition, the width is constant and the elevation of 
the stream bed changes; that is, q = Q/W is constant and H and y 
vary (Fig. 2.5.lb). In the second, the width changes and the elevation 
of the stream bed (neglecting the slope) is constant; that is, His constant. 
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2.5.2 Specific head diagram 
For simplicity, the following specific head analysis is done on a 
unit width of channel so that Eq. 2.5.3 becomes 
2 
H = ~ + y 2.5.4 
2gy 
For a given q, Eq. 2.5.4 can be solved for various values of H 
and y. When y is plotted as a function of H, Fig. 2.5.2 is 
obtained. TheJr.e. a1te. :two po.6.6-<-b.le. de.p:th6 c.aii.e.d aU:e1r.na.te. de.pth-6 ,601t.. any 
H .laltgeJt than a .6pe.ci,6ie m-lnhnu.m. Thus, for specific head larger than 
the minimum, the given flow may have a large depth and small velocity 
or small depth and large velocity. Flow cannot occur with specific 
energy less than the minimum. The single depth of flow at the minimum 
specific head is called the critical depth Ye and the corresponding 
velocity, the critical velocity V = q/y. To determine ye the C C 
derivative of H with respect to y is set equal to 0. 
and 
or 
Fig. 2.5.2 Specific head diagram 
dH 2 _g_+l=O 255 dy - - 3 · • 
gy 
( 3)1/2 q = gyc 
v2 
C 









1 --= 2.5.9 
~ C 
V Fr --= But 2.5.10 
/gy 
v2 
H .....£. + 3 = ye = 2 Ye min 2g Al so 2 .5.11 
Thus flow at minimum specific energy has a Froude number equal to one. 
Flows with velocities larger than critical (Fr> 1) are called rapid or 
supercritical and flows with velocities smaller than critical (Fr< 1) 
are called tranquil or subcritical. These flow conditions are illustrated 
i n Fig. 2.5.3 where a rise in the bed causes a decrease in depth when 
y 
Fig. 2.5.3 Changes in water surface resulting from an increase in 
bed elevation 
H 
the flow is tranquil and an increase in depth when the flow is rapid. 
Furthermore there is a maximum rise in the bed for a given H1 where 
the given rate of flow is physically possible. If the rise in the bed 
is increased beyond 6z for H then the approaching flow depth max min 
y1 would have to increase (increasing H) or the flow would have to be 
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decreased. Th.t.L6, oOlc- a. given olow ..ut a. c.hanne.f., a. we ,ln :the bed level. 
c.a.n oc.c.uJt up :to a. ~zma.x w.U:hou:t c.euui,lng ba.c.k«tt:teA. 
2.5.3 Discharge diagram 
For a constant H, Eq. 2.5.4 can be solved for y as a function of 




Tranquil Fr< I 
1 
Rapid Fr>I 
Fig. 2.5.4 Specific discharge diagram 
any discharge smaller than a specific maximum, two depths of flow are 
possible. To determine the value of y for a Eq. 2.5.4 is 'max 
rearranged to obtain 
q = y/2g (H-y) 
The differential with respect to y is set equal to zero. 
from which 
or 

















Thus for maximum discharge at constant H, the Froude number is 1.0 and 
the flow is critical. From this 
y2 
2 C 
y c = 3 H = 2 2g = 2.5.16 
For critical conditions, the Froude number is 1.0, the discharge is 
a maximum for a given specific head and the specific head is a minimum 
for a given discharge. 
Flow conditions for constant specific head for a width contraction 
are illustrated in Fig. 2.5.5. The contraction causes a decrease in 
flow depth when the flow is tranquil and an increase when the flow is 
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rapid. The maximum contraction possible for these flow conditions is 
to the critical depth. Then the Froude number is one, the discharge per 
2 f oot of width q is a maximum, and ye is 3 H. A further decrease 
in width causes backwater. That is, an increase in y1 upstream to get 
a larger specific energy and increase ye in order to get the flow through 









Fig. 2.5.5 Change in water surface elevation resulting from a change 
in width 
The flow in Fig. 2.5.5 can go from point A to C and then back 
t o D or down to E depending on the boundary conditions. An increase 
i n slope of the bed downstream from C 
t he flow to follow the line A t o C 
and no separation would allow 
to E. Similarly the flow 
can go from B to C and back to E or up to D depending on boundary 
conditions. Fig. 2.5.5 is drawn with the side boundary forming a smooth 
s treamline. If the contraction were a bridge abutment the upstream flow 
would follow a natural streamline to a contracta but the downstream 
f low would probably separate. Tranquil approach flow could follow 
l ine A-C but the downstream flow probably would not follow either line 
C-D or C-E but would have an undulating hydraulic jump. There would 
be interaction of the flow in the separation zone and considerable energy 
would be lost. If the slope downstream of the abutments was the same as 
upstream then the flow could not be sustained with this amount of energy 
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loss. Backwater would occur increasing the depth in the constriction 
and on upstream until the flow could go through the constriction and 
establish uniform flow downstream. 
2.6.0 STEADY FLOW AROUND BENDS 
Because of the change in flow direction with results in centrifugal 
fo rces' theJl,e, ,u., a. .6UpeJl, ele.va..t.i..o n. 0 6 the. wa.;t_e.Jc_ .6Wtoa.c.e. in. IU.,VeJl, be.nd.6. 
The water surface is higher at the concave bank than at the convex 
bank . The resulting transverse slope can be evaluated quantitatively. 
Using cylindrical coordinates (Fig. 2.6.1), the different ial pressure 
z 
Channel Section in Bend 
I..____• -r --1 •i l~z 
I. . I 
t:lr 
Fig. 2.6.1 Definition sketch of dynamics of flow around a bend 
in the radial direction arises from the radial acceleration or 
2 
1 ~=Ve 
p ar r 


















Two assumptions are made: 
(1) The radial and vertical velocities are small compared to the 
tangential velocities such that v
0 
~ V. 
(2) The pressure distribution in the bend is hydrostatic, i.e., 
p = yy. 







v2 - dr. 2.6.3 r 
To solve Eq. 2.6.3, the transverse velocity distribution along the radius 
of the bend must be known or assumed. The results obtained assuming 
various velocity distribution are as follows: 
Woodward (1920) assumed V equal to the average velocity Q/A and 
r equal to the radius to the center of the stream r and obtained 
C 
or 
t.z = 1 
g 



















i n which z. and r. are the water surface elevation and the radius at 
1 1 
the inside of the bend, and z and r are the water surface elevation 
0 0 
and the radius at the outside of the bend. 
By assuming the velocity distribution to approximate that of a free 
vortex, Shukry (1950) obtained 
r 
c2 c2 1 1 0 !_} t.z = f 3 dr = -{--g 2g 2 2 r. r r . r 
1 1 0 
in which C = rV, the free vortex constant . By 
f low upstream of the bend equal to the average 
and Drinker (1962) reduced Eq. 2.6.6 to 
v2 2W t.z = -2g r 
C 





assuming the depth of 
depth in the bend, Ippen 
2.6.7 
For situations where high velocities occur near the outer bank of the 
channel, a forced vortex may approximate the flow pattern. With this 
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assumption and assuming a constant average specific head, Ippen and 
Drinker obtained, 
v2 2W { 1 2 } 2.6.8 /J. z = --2g r 
C 1 + w 2 12 r 
C 
By assuming that the maximum velocities are close to the centerline 
of the channel in the bend 




J f:. z = -g r. 
1 
and when r = r ' V = C 
V 
Therefore, C. max = --
1 r 
C 
and Eq. 2.6.9 becomes: 
v2 
/J.z = ~ {2 
2g 





and that the flow pattern inward and outward 
represented as forced and free vortices, 
r c2 
1 0 dr + J 
0 dr, 2.6.9 - 3 g r r 
C 
C = V r 0 max C 
2 .6.10 
The differences in superelevation that are obtained by using the 
different equations are small and in alluvi al channels the resulting 
erosion and the concave bank and deposition on the convex leads to 
further error in computing superelevation. Therefore, it is recommended 
t hat Eq. 2.6.5 be used to compute superelevation. For lined canals 
with sharp radii of curvature, superelevation should be computed using 
Eqs. 2.6.7 and 2.6.10. 
2.7.0 GRADUALLY VARIED FLOW 
2.7.1 Introduction 
Thus far, two types of steady flow have been considered. They are 
uniform flow and rapidly varying nonuniform flow. In uniform flow, 
acceleration forces are zero and energy is converted to heat as a result 
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of viscous forces within the flow; there are no changes in cross 
section or flow direction and the depth (called normal depth) is 
constant. In rapidly varying flow, changes in cross section, direction, 
or depth take place in relatively short distances; acceleration forces 
are not zero; viscous forces can be neglected (at least in the first 
approximation) . 
Different conditions prevail for each of these two types of steady 
flow. In steady uniform flow, the slope of the bed, the slope of the 
water surface and the slope of the energy gradeline are all parallel 
and are equal to the head loss divided by the length of channel in which 
the loss occurred. In rapidly varying flow through short streamlined 
transitions, resistance is neglected and changes in depth due to accelera-
tion are dominant . In this section, a third type of steady flow is 
considered. In this type of flow, eho..ngu ~n de.p:th and velowy :ta.ke. 
p.f.a.ee. .6.low.ty oveJr. laftge. futa.neu and resistance to flow dominates and 
acceleration forces are neglected . This type of flow is called g1ta.du.a.Le.y 
vrue.d nlow and the study involves 1) the determination of the general 
characteristics of the water surface and 2) the elevation of the water 
surface or depth of flow. 
In gradually varied flow, the actual flow depth y is either larger 
than or smaller than the normal depth y and either larger than or 
0 
smaller than the critical depth y. The water surface profiles which 
C 
are often called backwater curves, depend on the magnitude of the actual 
depth of flow y in relation to the normal depth y and the critical 
0 
depth y C. No1tmal de.pth Yo ~ :the. de.p:th on nlow :tha;t woui.d e.w:t nOll-
.6:te.a.dy-uMnOltm nlow as determined from the Manning or Chezy equation 
and the critical depth is the depth of flow when the Froude number equals 
1 .0. Reasons for the depth being different than the normal depth are 
changes in slope of the bed, changes in cross section, obstruction to 
flow, imbalances between gravitational forces accelerating the flow and 
shear forces retarding the flow. 
In working with gradually varied flow, the first step is to 
determine what type of backwater curve would exist. The second step 
is to perform the numerical computations. 
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2.7.2 Classification of flow profiles 
The classification of f low profiles is obtained by analyzing the 
change of the various terms in the total head equation in the x-






H = _Q_ 
T 2 gA2 
+ y + z 
Then assuming a wide channel for simplicity 
dHT 2 dy dy dz q 
dx - - -3 -+ -+ dx dx dx gy 
The term d8r/dx is the slope of the energy grade line 
assumed. For short distances and small changes in y 
Sf, it is 
the energy 









=S _ _q_ 
f - 2 3 
C y 
2. 7.4 
The term dy/dx 
the bed slope S 
0 
is the slope of the water surface S and dz/dx is 
w 
For steady flow, the bed slope is (from Eq. 2.3.21) 
2.7.5 
where the subscript "o" indicates the steady uniform flow values. 
When Eqs. 2.7.4 and 2.7.5 are substituted into Eq. 2.7.3, :the 
6a.mi,,Ua,/i nMm on :the gM.du.all.y vcvued filow equ.a;U,on 
C 2 y 3 
1 - c ..-£.) c ..-£.) dy = S { ___ c __ y __ } 
dx o y 3 
1 - c-.£) 
y 
2.7.6 
,u., o b:ta.bied. 
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If Manning's equation is used to evaluate 
becomes 
Sf and S , Eq. 2. 7. 6 
0 
2.7.7 
The slope of the water surface :~ depends on the slope of the 
bed S
0
, the ratio of the normal depth y
0 
to the actual depth y 
and the ratio of the critical depth ye to the actual depth y. The 
difference between flow resistance for steady uniform flow n to 
0 
flow resistance for steady nonuniform flow n is small and the ratio 
i s taken as 1.0. 
surface profiles. 
in Table 2.7.1. 
With n = n, there are twelve types of water 
0 
These are illustrated in Fig. 2.7.l and summarized 
Table 2.7.1 Characteristics of water surface 
profiles 
Bed 
Class Slope Depth ~ Classification --
Mild S >0 y>y >y I Ml 0 0 C 
Mild S >0 y >y>y 2 M2 0 0 C 
Mild S >0 y >y >y 3 M3 0 0 C 
Critical S >0 y>y =y 1 Cl 0 0 C 
Critical S >0 y<y =y 3 c3 0 0 C 
Steep S >0 y>y >y 1 Sl 0 C 0 
Steep S >0 y >y>y 2 s2 0 C 0 
Steep S >0 y >y >y 3 s3 0 C 0 
Horizontal S =0 y>y 2 H2 0 0 
Horizontal S =0 y >y 3 H3 0 C 
Adverse S <0 y>y 2 A2 0 C 
Adverse S <0 y >y 3 A3 0 C 
Note: 
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S0 =O, y0 =oo 
Fig. 2.7.1 Classification of water surface profiles 
(1) With a type 1 QU/tve (M1, s1, C1), the actual depth of flow y 
is greater than both the normal depth y
0 
and the critical depth Ye· 
Because flow is tranquil, control of the flow is downstream. 
(2) With a type 2 QU/tVe (M
2
, s2, A2, H2), the actual depth y is 
between the normal depth y
0 







and thus the control is downstream. Flow 
is rapid for s2 and the control is upstream. 
(3) With a type 3 QU/tve (M3, s3 , c3, A3, H3), the actual depth 
y is smaller than both the normal depth y
0 
and the critical dept h Ye• 
Because the flow is rapid control is upstream. 
(4) For a mil.d ~lope S is smaller than 
0 




















y = y 
0 C • 
(9) The case where y ~ y is of special interest because the 
C 
denominator in Eq. 2.7.6 approaches zero. 
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When y + y, the assumption that acceleration f orces can be neglected 
C 
no longer holds. Equations 2.7.6 or 2.7.7 indicate that !~ is 
perpendicular when y + y. For cross sections close to the cross 
C 
section where the flow is critical (a distance from 50 to 10 ft) curvi-
linear flow analysis and experimentation must be· used to determine the 
actual values of y. When analyzing long distances (100 to 1000 ft or 
l onger) one can assume qualitatively that y reaches y . In general 
C 
when the flow is rapid (Fr~ 1), the flow cannot become tranquil without 
a hydraulic jump occurring. In contrast, tranquil flow can become 
rap i d (cross the critical depth line). This is illustrated in Fig. 2.7 .2. 
When there is a change in cross section or slope at an obstruction 
to t he flow, the qualitative analysis of the flow profile depends on 
locating the control points, determining the type of curve upstream and 
downstream of the control points and then sketching the backwater 
curves. It must be remembered that when f,.iow ..£-6 .tu1.pid (Fir..~ 7) the 
c.ontJr..ol of, :the depth ..£-6 up.6~e.am a.nd the ba.c./uoa,t~ p!r..oc.ee.dti ht the 
down..6 :tlr..e.am wecilon. When f,low ..£-6 bta.nquil ( Fir.. < 1) the depth c.on:t!r..ol 
..£-6 down..6:tlr..e.am a.nd in the c.omp~on..6 mu.6t pMc.eed up.6:tJr..e.am. The back-
water curves that result from a change in slope of the bed are illustrated 
in Fig. 2.7.2. 
2.7.3 Computation of water surface profiles 
There are many computer programs available for the computation of 
the elevation or depth of flow for water surface profiles. Herein, 
the ~ta.nda.Jr..d ~tep method is described. However, as with most computer 
programs, a qualitative analysis of the general characteristics of the 
backwater curves as described in the preceding section must be made. 
This is necessary in order to know whether the analysis proceeds upstream 
or downstream. Most available computer programs cannot solve the water 
surface profile equations when the flow changes from rapid to tranquil 
or vice versa. 
The standard step method is derived from the energy equation 
v2 
1 
- + Yl + l!.z 2g 
v2 
2 
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s = -9.!:!.r_ 
f dx 
Fig. 2.7 .3 Definition sketch for step method computation backwater 
curves 
From Fig. 2.7.3 
v2 v2 1 s t.L 2 y2 + Sf t.L 2.7.9 -+ Y1 + = -+ 2g 0 2g 
2.7.10 
and 
t.L = 2. 7 .11 
The. p1toc.e.dWte. ,<,t, to .6:talc;t nit.Om .6ome. known y, M.6ume. a.no.thVt y 
whVt up.6:tlte.am 01t downti:tlte.am de.pe.n.cUng on whe..thVt .the. 6,low ,<,t, bta.nquLe. 
Oil. 1ta.pid, a.nd c.ompu.te. .the. fu.ta.nc.e. t.L to .the. M.6ume.d de.p.th Ll6ing 
Eq. 2. 7. 11. 
2.8. 0 RAPID FLOW IN BENDS AND TRANSITIONS 
2.8.1 Bends 
Ra.pid 6,tow alt .6upVtCIU.tic.al 6,tow ,i,n a. curved pwma.tic. c.ha.nne.l 
p1toduc.u c.Jto.6.6 i.mve. fu.twtba.nc.e. pa:t:tVtn.6 whic.h pe.M,<,t,;t 001t long fu.ta.nc.e.-6 
in a. down.6:tlte.am fue.ilion. These disturbance patterns are the result 
of nonequilibrium conditions which persist because the disturbances 
cannot propagate upstream or even propagate directly across the stream. 
Therefore, the turning effect of the walls is not felt on all filaments 
of the flow at the same time and the equilibrium of the flow is destroyed. 
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The waves produced form a series of troughs and crests in the water 
surface along the channel walls. 
Pion view Sect i on A - A 
Fig. 2.8.1 Definition sketch for rapid flow in a bend 
Fig. 2.8.1 is a definition sketch to aid in the analysis of cross 
wave patterns in a bend with rapid flow. The water surface elevation 
in a bend can be computed if the following major assumptions are made: 
(1) the flow is two-dimensional; (2) the velocity is constant 
throughout the cross section; (3) the channel is horizontal; (4) there 
are no boundary shear stresses; and (5) the channel walls are vertical. 
The outer wall which turns the flow inward produces an oblique hydraulic 
jump and a corresponding positive disturbance line or positive wave 
front propagates across the channel. The inner or convex wall causes 
an oblique expansion or negative wave to propagate across the channel 
with a corresponding negative disturbance line or wave front. From 
analys is of Fig. 2.8.1 and the hydraulic jump equation the following 
formulas can be derived. 
The initial velocity perpendicular to the wave front is given by 
gy2 
(1 + Y2)}1/2 V = {-nl 2 Y1 
2.8.1 
The wave front angle is given by: 
vnl lgyl y + ~2) }1/2 sine = {-2- (1 
Vl Vl 2yl Y1 
or 




The relationship of the deflection angle 0 and the Froude number is 
given by: 
r.: -1 3 1/2 -1 1 1/2 0 = r 3 tan { 2 ) } - tan { ( 2 ) } + const. 2. 8. 3 Fr -1 Fr1-l 
where the constant may be determined from the condition that for 0 = 0, 
the depth y is the initial depth y1 . 
For practical applications, Eq. 2.8.3 is very involved and incon-
venient to use even with graphical charts. Knapp (1951) developed a 
much simpler equation which gives adequate results. The depth at the 
first maximum may be computed from 
v2 . 2 0 
y = g srn (6 + 2) 2.8.4 
Equation 2.8.4 results from experimental observations of a constant 
velocity occurring at a cross section. The locations of the first 
maximum may be found from: 
-1 2W 8 = tan {(2r + W) tan6} 
C 
2.8.S 
where r is the radius of curvature and W is the channel width as 
C 
shown in a plan view of the cross wave pattern given in Fig. 2.8.2. 
The disturbance wave pattern oscillates about a plane located at the 
normal depth. The distance along the wall to the first maximum subtends 
a central angle, 0, and this distance represents half a wave length. 
The amplitude of the disturbance pattern in the downstream tangent 
is dependent on whether the new disturbance pattern created in the 
change of flow from curved to straight reinforces or damps out the 
disturbance pattern already in existence. When the curve has central 
angles of 0, 30, 50, etc., where 0 is given by Eq. 2.8.5., the two 
disturbance patterns reinforce each other and the resulting disturbance 
pattern in the tangent section oscillates about the normal depth with 
an amplitude approximately v2w/r g. By adopting central angles of 20, 
C 
40, 60, etc., the disturbance pattern generated by the change from a 
straight to curved channel will cancel out the disturbance created 
by the initial curve in the channel . 
• 
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Fig. 2.8.2 Plan view of cross wave pattern for rapid flow in a 
bend 
Two me:thod6 ha.ve. be.e.n u.6e.d -ln the. du-lgn o0 c.WLvu 0oJr.. M.p-ld 01..ow 
..{,n c.ha.nn.w. One method is to ba.nk. the. filoo!t of; the. c.ha.n.ne£. and the 
other is to p!tov-lde. c.Wtved. va.nu in the flow. Banking of the floor 
produces lateral forces which act simultaneously on all filaments and 
causes the flow to turn without destroying the flow equilibrium. Curved 
vanes break up the flow into a series of small channels and since the 
superelevation is directly proportional to the channel width, each small 
channel has a smaller superelevation. 
2.8. 2 Transitions 
Contll.a.c.Uonti and e.xpa.nti-lon -ln M.p-ld o,e.aw p1r.aduc.e. CJLOM wave. pa;t;te.1r.nti 
-0~ ta tha-0e. ob-0e.1tved -ln c.Wtved. c.ha.nnw. The cross waves are 
symmetrical with respect to the centerline of the channel. Ippen and 
Dawson (1951) have shown that in order to minimize the disturbance 
downstream of a contraction the length of the contraction should be: 
2.8.6 
where W is the channel width and the subscripts 1 and 2 refer to 
sections upstream and downstream from the contraction. The contraction 
angle is 8 and should not exceed 12° . The relationship between the 
channel widths and depths, y, can be determined from the continuity of 
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wl Y2 3/2 Fr2 
W- = Cy-) (Fr ) 
2 1 1 
2.8.7 
For an expansion, Rouse et al. (1951) have found experimentally 








where x is the longitudinal distance measured from the start of the 
expansion or outlet section and z is the lateral coordinate measured 
from the channe l centerline. A boundary developed from this equation 
diverges indefinitely. Therefore, for practical purposes, the divergent 
walls ar e followed by a transition to parallel lines. 
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2.Al.0 BRIDGE CONSTRICTIONS WITH NO BACKWATER 
A stream is rectangular in shape and 100 ft wide. The design 
discharge is 5000 cfs and the uniform depth for this discharge is 10 ft. 
Wha-t. ma.x.hnu.m amount oo c.on6:t:Jr.ictlon c.a.n be. -i..mpo.6e.d w,i;thout c.a.LUiing 
ba.c.kwa,teJL a.t. .the. duign fuc.hall.ge.? 
The upstream flow rate per unit width is 
Q 5000 
q = W = 100 = 50 cf s/ ft 
the average velocity is 
V = ~ = ~~~~ = 5. 00 fps 
and the specific head is (from Eq. 2. 5. 3) 
v2 52 
H = 2g + y = 64. 4 + 10 = 10. 39 ft 
According to Section 2.5.3, the maximum unit discharge that can occur 
with this specific head is (from Eq. 2.5.16) 
= 103.4 cfs/ft 






= 48.3 ft. 
and the amount of the constriction is 100 - 48.3 = 51.7 ft. 
Note, as discussed on page II-41, this contraction could cause 
an undulating hydraulic jump downstream. 
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2.A2.0 BACKWATER FROM DOWNSTREAM A DIVERSION DAM 
A small diversion dam is to be placed across a stream downstream 
of a highway bridge. The purpose of the dam is to head up water for 
diversion into a canal. At the bridge, the design flood discharge was 
5000 cfs. The river is 100 ft wide and has a uniform flow depth of 
10 f t for the design discharge. Wha,t .ui :the ma.,umwn hug ht oo .the dam 
.:tha,t will n.o.:t c..a.cu,e ba.c.k.tmteJt a..:t :the. b!U.dge? 
The unit discharge in the river at design flood discharge is 
q = Q - SOOO = 50 cfs/ft W - 100 
the velocity is 
.L so V = = To = 5. 00 fps 
yo 
and t he specific head is (from Eq. 2.5.3) 
v2 
H = - + y 2g o 
52 
= 2g + 10 = 10.39 ft 
As a first approximation assume no energy loss in the reach . Then 
at the dam, the elevation of the total energy line is 10.39 ft above 
the bed (see Fig. 2 .A2.1). At the dam, 
H. + 62 = 10.39 ft min max 
that i s, the dam can be built to a height of 62 which decreases the max 
specific head at the dam to H min . From Eq. 2.5.11 
H 
3 
= 2 Ye min 
v2 
29-~------------~ --
Fig. 2.A2.1 Backwater curve upstream of the dam 





Ye = (9-) 1/3 g 
2 
= (~)1/3 = 4. 27 ft 32.2 
3 
Hmin = 2 (4.27) = 6.40 ft 
6Z = 10.39 - 6.40 = 4.0 ft 
m 
If the dam is built to a crest elevation 4.0 ft above the bed, 
critical flow will occur at the dam for a flow of 5000 cfs and the 
dam wi ll cause no backwater. 
How much backwater will the dam cause for a flow of 1000 cfs if 
the normal depth for this discharge is 5 ft and the dam height is 
4.0 ft? 
Upst ream of the dam, 
and 
At the dam the flow 
and from Eq. 2.5.11 
g_ = lOOO - 10 cfs/ft q = w 100 -
V g__ = 10 = --
0 Yo 5 








from Eq. 2.5.7 
3 = 2 (1.46) = 2.19 ft 
The specific head upstream of the darn is then (assuming no energy loss) 
H = H. + 6Z min 
IIA-4 
or 
H = 2.19 + 4.00 = 6.19 ft 








_g_2 + y = 6.19 
2gy 
3 2 102 
y 6.19 y + 64.4 = 0 
y = 6 .14 ft 
As the normal depth is only 5 ft, the backwater is 
~y = 6.14 - 5.00 = 1.14 ft 
That i s, the depth upstream of the dam is increased 1.14 ft by the 
4.0-ft high dam when the flow is 1000 cfs . 
• 
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2.A3.0 STANDARD STEP METHOD FOR BACKWATER COMPUTATIONS 
Consider an abrupt change of slope in a lined rectangular channel 
100 ft in width. The discharge is 5000 cfs . Upstream of the slope 
change, the flow is at the normal depth of 10 ft. The normal depth in 
the downstream reach is 3 ft. Maning's n for both reaches is 0.012. 
In both the upstream and downstream reaches, the flow per unit 
width is 
5000 q = 100 = 50 cfs/ft 
and the critical depth is (from Eq. 2.5.7) 
2 2 
y = (g_)l/ 3 = (~)l/3 = 4 27 ft 
C g 32.2 . ' 
Upstream where the flow is at normal depth, y = y > y so 
0 C 
the f low is tranquil here. 
The bed slope is obtained from Manning's equation for normal 














n 2 v2 
0 =---
2.21 R 4/ 3 
0 
so = g_= 10 = 5.00 fps Yo 
= y w = 10 (100) = 1000 sq 
0 
= 2y + W = 2 (10) + 100 = 
0 
A 
= ~ = 1000 = 8 33 ft P 120 ' 
0 
2 




Downstream where the flow has attained its normal depth, y = y <y 
0 C 
so i n the downstream reach flow is supercritical. 
The bed slope in the downstream reach is obtained as follows: 
V = g_ =so= 16 .67 fps 
# 








= 2y + W = 
0 
= 





2 (3) + 100 = 106 ft 
2.83 ft 
= ----,-,-=- = 
2.21 R 4/ 3 
0 
2 (0,012 X 16.67) 
2.21 (2.83) 413 
= 0.004523 
At the change in slope the flow must pass through the critical 
dept h. Then, in the reach immediately upstream y > y > y so the 
0 C 
backwater curve in this reach is a M2 type (Table 2.7.1) 
Downstream, y < y < y so the backwater curve in this reach is 
0 C 
a s2 type (Table 2.7.1). 
The two backwater curves are sketched in Fig. 2.A3.l 
--------,-~F==-=-==------"""""' ___ M2 
--r---- ---- - ------ -- --------
Ye Y Yo 
Fig. 2.A3.1 Sketch of backwater curves 
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For the upstream reach, flow is subcritical so the standard step 
method computations start at the change in slope and proceed upstream. 
At the change in slope 
y = y = 4. 27 ft 
C 
A= yW = 4.27 (100) = 427 sq ft 
V • S. = -2.Q__ = 11. 71 fps 
y 4.27 
v2 11.71 2 
2g = 64.4 = 2 .13 ft 
v2 
H = 2g + y = 4. 27 + 2 .13 = 6.40 ft 
P = 2y + W = 2 (4.26) + 100 = 108.52 ft 
A 427 
R = p = 108 _54 = 3.93 ft 
2 v2 
S - n = 
f - 2.21 R4/ 3 
2 (0.012 X 11. 71) 
2.21(3.93) 473 
= 0.001438 
Let's compute the distance upstream to where the flow is 4.50 ft 
deep. The flow conditions at this section are computed with the same 
equations employed at the change in slope section; i.e., 
• 
y = 4. 50 ft 
A = 4.50 (100) = 450 sq ft 
V = /~o = 11.11 fps 
v2 11. 11 2_ 1. 92 ft 2g - 64.4 -
H = 4.50 + 1.92 = 6.42 ft 
P = 2 (4.50) + 100 = 109 ft 
450 
R = l 09 = 4 • 13 ft 
s = 
f 
(0.012 X 11.11) 




Now between these two sections where y = 4.27 ft and y = 4.50 ft the 
average friction slope is 
The distance 
= 
0.001438 + 0.001214 
2 
between the two sections 
H2 - H 
llL 
1 
= s - sf 0 ave 
= 0.001326 
is (from Eq. 2.7.11) 
6.40 - 6.42 
= --=""""=""=-=-==----,,-.....,,.."""""'~ = 16 . 2 ft .000095 - 0.001326 
That is, the section where the depth is 4.50 ft is 16.2 ft upstream of 
the section where the slope changes. 
In a similar manner, the distance between the sections where the 
depths are 4.50 ft and 5.00 ft (arbitrary choice) is computed. The 
results are listed in Table 2.A3.l. It is found that the flow is 
normal a distance approximately 44,000 ft above the change in slope. 
The backwater calculations for the downstream reach are also 
presented in Table 2.A3.l. Here the computations start at the change 
in section and proceed downstream because the flow is supercritical. 
The computations show that the normal depth is reached approximately 
1600 ft below the change in slope . 
• 
Table 2.A3.1 Computation of the backwater curve 
• 
y A V V
2
/2g H p R 
sf sf 
H2 - Hl LIL L 
ft ~ !E!. ft ft ft ft ~ ave • ft ft ft 
At the change in slope 
4.27 427 11. 71 2.13 6.40 108.5 3.93 0.012 .001438 
s2 backwater curve 
4.20 420 11.90 2.20 6.40 108.4 3 . 87 0.012 .001519 .001478 -0.00 0 . 0 0.0 
4.00 400 12.50 2.43 6.43 108 3.70 . 001779 .001649 -0.03 10.9 10.9 
3.50 350 14.28 3.17 6.67 107 3.27 .002738 " .002258 -0.24 105. 96 116. 86 
3.00 300 16.67 4.31 7.31 106 2.83 .0045 23 .003630 - 0 .64 716 . 7 833.56 
H 




4.50 450 11.11 1. 92 6.42 109 4 .13 0.012 .001214 .001326 -0.02 16.2 16.2 
5.00 500 10.00 1. 55 6.55 110 4.54 .000867 .001040 -0.13 137.6 153.8 
6.00 600 8.33 1.08 7.08 112 5.36 .000482 .000674 -0 . 53 914.6 1068.4 
8.00 800 6.25 0.61 8.61 116 6.90 .000194 .000338 -1.53 6296.3 7364.7 
10.00 1000 5.00 0.39 10.39 120 8.33 .000095 .000144 -1.78 36326 .5 43691.2 
V • g_ A 
2 v2 H2-Hl 
A= Wy P = 2y + W R = p S - n AL L = }:AL A f- 2.21 R4/ 3 S -S 0 fave 
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2 .A4. 0 ENERGY AND MOMENTUM COEFFICIENTS FOR RIVERS 
In open channel flow problems it is common to assume that the energy 
coefficient a and the momentum coefficient B are unity. Wha.:t aJte 
va.lu.e!.> 0 6 a and 8 6 Oil. !UV en c.ha.r:.nw ? 
and 
From Eqs. 2.2.29 and 2.2.28 
a = -
1






- V2A A 
2 .A4. l 
2.A4.2 
In many wide channels, the distribution of velocity in the vertical is 
given by Eq. 2.3.15 which is 
~* = 2.5 ln(30.2 t-) 
s 
2.A4.3 




V = v dy 
Yo O 
2.A4.4 
and by employing Eq. 2.A4.3 
2.5V* y 
V "' y _0 f o ln(f) dy o o 
2.A4.5 
Here, the upper limit of integration is y
0
, the depth of flow and the 
lower limit is 
k 
s 
0 = 30. 2 
the value of y for which Eq. 2.A4.3 gives a zero velocity. 
The integration of Eq. 2.A4.5 yields 
V y y 





For a vertical section of unit width, the momentum coefficient is 
B' = 1 2 







If we substitute Eqs. 2.A4.3 and 2.A4. 7 into Eq. ·2.A4.8 and integrate 
the result is the expression 
B' = 
1 y y 2 Yo 26 _______ o_ { (ln ...E..) - 2 ln - + 2 - -} 
y 2 yo-o o o Yo 
11.11 ko) (ln 
2.A4.9 
s 
Simi larly, the energy coefficient for a vertical section unit width is 
or 
Cl. I : 




V (y -o) 
0 




V dy 2 .A4 .10 
0 
2 .A4.11 
These equations (Eqs. 2.A4.9 and 2.A4.10) are rather complex so a graph 
of a.' and B' vs y
0
/ks has been prepared. The relations are shown 
in Fig. 2.A4.1. 
For the entire river cross section (shown in Fig. 2.A4.2) Eq. 2.2.29 
can be written 
• a. = 
1 Jw !Yo 3 v dy dz 2.A4.12 
0 0 
where W is the top width of the section, z is the lateral location 
of any vertical section, y is the depth of flow at location z, and v 
0 
is the local velocity at the position y,z. The total discharge is Q 













~ .....-- a' 
""' 
' i'-.. S' /I ~ -.............. r-----__ 
1.00 
Fi g. 2.A4.1 Energy and momentum coefficients for a unit width of river 
Fig. 2.A4.2 The river cross section 
• 
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In Eq . 2.A4.12 the portion 
!Yo 3 V dy 
0 
is recognized as the integral portion of Eq. 2.A4.10. That is, 
and 








CL •v (y -o) 
0 
2.A4.13 
Here a' is the energy coefficient for the vertical section dz wide 
and y deep, V 
0 
is the depth-averaged velocity in this vertical section 
and o = k /30.2 (from Eq. 2.A4.6). 
s 
Now, Eq. 2.A4.12 can be written 
CL = 
A2 W 3 - f CL 1V (y -o)dz 
Q3 O o 
2.A4.14 
Except for cases of low flow in gravelbed rivers, the term o is very 
small compared to y
0 
so 
A2 W 3 
CL= - f CL 1V y dz 
Q3 O o 
2 .A4.15 
The discharge at a river cross section is determined in the field 
by measuring the local depth and two local velocities at each of 
approximately 20 vertical sections. In accordance with this general 
stream gaging procedure, Eq. 2.A4.15 should be written 
A2 r 'V3 I>. • CL = Q3 CL • • y . Z1 i 1 1 01 
or 
A2 
CL!it>.Q. a = -r 
Q3 i 1 1 1 
Here, the subscript i refers to the i-th vertical section, and 
!>.Q. is the river discharge associated with the i-th vertical or 
1 





In a similar manner, the expression for 8 is 
8 = A2 l S!V.l\O. 
Q i 1 1 'i 
2.A4.17 
Now, wilh Eq.6. 2.A4.16 a.nd 2.A4.17, a.nd Fig. 2.A4.1 we. a.tte. in a. 
p0.6.-i.tion. to c.ompu-t:e. a a.nd 8 oOJt a.ny /t,{,Ve.Jt C/1..0.6.6 .6 e.c..t,,<,on give.n the. 
fuc.ha.ttge. me.a..6Wte.me.nt note..6. An example is given below. 
The information in Table 2.A4.l is taken from the discharge 
measurement notes for Measurement No. 16 on the Rio Tigre at Las 
Piedritas in Venezuela. 
The discharge measurement was made on August 18, 1969 during the 
peak f l ood event for the year. From Table 2.A4.l, the following values 
are obtained: 
Q = 5370 cfs 
A = 1485 sq ft 
W = 163 ft 
EV. llQ. = 
1 1 
2 EV. l\Q. = 
1 1 
bed material at 
4 2 21,070 ft /sec 
5 3 85,500 ft /sec 
this gaging station1 has a 
of 0.45 mm and a gradation coefficient G 
050 of 0.33 mm and a 
of 3. 2 7. If the 
value of 067 
depth) 
is used for k , then for y = 12.8 ft (the maximum 
S 0 
y 
_£_ = 12 ' 8 (304 8) = 8700 k 0.45 . 
s 
and for y = 1.1 ft (the smallest non-zero depth) 
0 
Yo 1.1 
1c = 0 _45 (304. 8) = 750 
s 
1simons, D. B., Richardson, E. V., Stevens, M. A., Duke, J. H., and 
Duke, V. C., Geometric and hydraulic properties of the rivers, Hydrology 
Report, Vol. III, Venezuelan International Meteorological and Hydrological 
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5368.74 21072.71 85494.77 
1
Simons, D. B., Richardson, E. V., Stevens, M.A., Duke, J. H., 
and Duke, V. C., Stream flow, groundwater and ground response 
data , Hydrology Report, Vol. II, Venezuelan International 
Meteorological and Hydrological Experiment, Civil Engineering 
Dept., Colorado State University, August 1971. 
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If we use a mean y /k of approximately 5000, then from Fig. 2.A4.l, 
0 S 
the average values for the energy and momentum coefficients are 
a' = 1.024 
and 
f3' = 1.008 
As it has been assumed that a' and f3' are constant across the 
river (for convenience), Eqs. 2.A4.16 and 2.A4.17 become 
and 




-3 I V. tlQ. 
Q i 1 1 
f3 = 8 I A2 I V. tlQ. 
Q i 1 1 
With the values computed in Table 2.A4.l 











These values for a (1.247) and 13(1.094) differ from unity by 
appreciable amounts. The difference may be important in many river 
channel calculations. I 6 no dM.a. aJte. a.vaJl..a.ble., the.. a.,MwnptionJ.i that 
a = 1. 25 and f3 = 1. 1 .ohoui,d be. U6e.d fiotr.. IUVe..tr.. c.ha.nnw. 
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2.AS.0 AVERAGE PRESSURE AND ELEVATION AT A RIVER CROSS SECTION 
In the absence of heat transfer, and shaft and shear work, the 
energy convected through a cross section of river with area A is 
f re;: + z)v dA 
A 
and the pressure work done on this cross section is 
The sum of the pressure work and the convected energy is 
J y (v2 + E. + z)v dA 2g y 
A 
Instead of using the definition Eq. 2.2.28, we could write 
J 




{ a V + n ( z + Y ) }yQ 
2g O o 2.AS.l 
where a is the kinetic energy correction factor defined by Eq. 2.2.29 
and n is a correction factor to be applied to the piezometric head. 
The terms z and y are the elevation of the bed above datum and the 
0 0 
depth of flow respectively. According to Eqs. 2.2.29 and 2.AS.0, the 
expression for n must be 
1 
n = (z + y )VA 
0 0 
I(~+ z)v dA 2.AS.2 
A 
In straight reaches of river, the piezornetric head does not vary appre-
ciably from point to point in a cross section. Then the piezometric head 
at any point on the cross section can be used as the reference piezometric 
head. For example, at the water surface 
£. + z = 0 + z + y 
y O 0 
2.AS. 3 
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Using this equation in Eq. 2.AS.2, we obtain 
or 
1 
fl = (z + y )VA 
0 0 
fl = 1 
1 
+ y )v dA = 
0 IV dA 
A 
2.AS.4 
If the water surface at the cross section is not horizontal (as in a 
bend), then the piezornetric head should be referenced to the point on the 
water surface which is at the average elevation of the water surface. 
Then fl= 1 for this case also. 
In general, the assumption that 
fl = 1 
is satisfactory for rivers. Therefore, Eq. 2.2.34 can be written 
2 2 
cxlVl cx?2 
HL 2.AS.5 --+ Y1 + z = --+ Y2 + z2 + 2g 1 2g 
for a reach of river. Here Y1 + zl is the water surface level at 
Section 1 and Y2 + z2 is the water surface elevation at Section 2. 
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Chapter III 
FUNDAMENTALS OF ALLUVIAL CHANNEL FLOW 
3.1.0 INTRODUCTION 
Most rivers that a highway will cross or encroach upon are 
alluvial. That is, the rivers are formed in cohesive or non-cohesive 
m~terials that have been and can be transported by the stream. The 
non -cohes ive material generally consists of silt (0.004 mm - 0.062 mm), 
sand (0.062 mm - 2.0 mm), gravel (2.0 mm - 64 mm), or cobbles (64 mm -
256 mm), or any combination of these sizes. Silt, generally is not 
present in appreciable quantities with non-cohesive stream boundaries. 
Cohesive boundary material consists of clays (sizes less than .004 mm) 
forming a binder with silts and sand. Under most conditions clays are 
more resistant to erosion than non-cohesive material. 
In a.lluv,ial, lvi.,ve».,, :the. c.ha.nnei. be.d c..a.n .6 c.oWt to undeJUn,i.ne. bJu.dge. 
p..le»., a.nd a.bu..tme.nt.6 oil. the. .6 e.cli..me.nt ..ln tll.a.n.6 poll.t c.a.n de.po.6..lt ..ln the. 
c.ll.o.6.6 .6 e.w.o n de.c.ll.e.M-lng :the. nlow c..a.pa.c...ltq on the. b!vi.,dg e. o pe.n..lng, a.ppll.oa.c.h 
c.ha.nnei. Oil. the. e.nc.ll.oa.c.he.d c.ha.nnei.. Bed configuration and resistance to 
flow in alluvial rivers are a function of the flow and can change to 
increase or decrease the water surface level. The river channel can 
shi ft its location so that the bridge is unfavorably located with 
respect of the direction of flow. The moveable boundary of the alluvial 
river thus adds another dimension to the design and environmental prob-
lems associated with bridge crossings. Therefore, the design of highway 
crossings and encroachments in the river environment requires knowledge 
of the mechanics of alluvial channel flow. 
This chapter presents the fundamentals of alluvial channel flow. 
It covers flow in sandbed channels, prediction of bed forms, Manning's 
n for sandbed and other natural streams, how bed-form changes affect 
highways in the river environment, properties of alluvial material, 
methods of measuring properties of alluvial materials, beginning of 
motion, sediment transport, flow in coarse-material streams and 
modeling alluvial channel flow. These ftmdamentals of alluvial channel 
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flow are used in later chapters to develop design considerations for 
highway crossings and encroachments in river environments. 
3.2.0 FLOW IN SANDBED CHANNELS 
3.2.1 Introduction 
Most streams flow on sandbeds for the greater part of their length 
and nearly all large rivers have sandbeds. Thus there are potentially 
many more opportunities for highway crossings or encroachments on sandbed 
streams than in cohesive or gravel streams. In sandbed rivers, the sand 
material is easily eroded and is continually being moved and shaped by 
the flow. The mobility of the sandbed creates problems for the safety 
of any structure placed in or over the stream, for the protection of 
private property along these streams and in the preservation and enhance-
ment of the stream environment. 
The interaction between the flow of the water-sediment mixture and 
the sandbed creates different bed configurations which change the resist-
ance to flow and rate of sediment transport. The gross measures of 
channel flow such as the flow depth, river stage, bed elevation and flow 
velocity change with different bed configurations. In the extreme case, 
the change in bed configuration can cause a three-fold change in resist-
ance to flow and a 10-to-15 fold change in concentration of bed-material 
transport. For a given discharge and channel width, a three-fold increase 
in Manning's n results in a doubling of the flow depth. 
The interaction between the flow and bed material and the inter-
dependency among the variables makes the analysis of flow in alluvial 
sandbed streams extremely complex. However, with an understanding of the 
different types of bed forms that may occur and a knowledge of the 
resistance to flow and sediment transport associated with each bed form, 
the engineer can analyze alluvial channel flow. 
3.2.2 Bed configuration 
The bed c.onnigu.Jta:tion6 (roughness elements) that may form in an 
alluvial channel M.e. plane bed w.lthout .6e.cllme.nt move.me.nt, tu.pple..6, !Upple..6 
on d.une..6, dune..6, plane. bed w.Uh .6edime.nt move.me.nt, antidune6, and c.hute..6 
and pool-6. These bed configurations are listed in their order of 
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occur rence with increasing values of stream power (Vyy S) 
0 
for bed 
materials having d50 less than 0.6 mm. For bed materials coarser than 
0.6 mm, dunes form instead of ripples after beginning of motion at small 
values of stream power. The typical forms of each bed configuration are 
shown in Fig. 3.2.1 and the relation of bed form to water surface is 
shown in Fig. 3.2.2 . 
. t·tt: ~! \\?-t \.:t\ :-. ·-.-:\:-:-:.-. :·-.:.:~ltl·-.\ ::1.• 
Tip,cal. R,pple Pattern Plane Bed 
We ak 801 1 
- a 
..... ::~--- ~~~~~:3 ·: .·.·. -: ... ·.·. •. • ... "; '" . : .: ::~-~--.:: .::~:-: .. \·:..·_,·., ..... :·~· : ·~ 
:Junes W,t h R,pples Superposed Ant ,dune Sla_nd,ng Wove 




Wa shed - Ou t Dunes 
Fig. 3.2.1 Forms of bed roughness in sand channels 
Boll Accelerotlon Accelerotlon 
(a ) Tranqu il Flow, Al lu11ial Channel ( b) Tranquil Flow, RiQld Boundary 
Decelerotlon 
~ 
( c ) Rapid Flow, Alluvial Channel (d) Rapid Flow, RiQid Boundary 
Fig . 3.2.2 Relation between water surface and bed configuration 
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The different forms of bed-roughness are not mutually exclusive 
in time and space in a stream. Bed-tc.oughne/2 .6 elemenu may 6otc.m .6ide-
by-.6ide in a. CJl.0.6.6 .6ec:Uon ate. tc.eac.h 06 a na..tuluLe. .6br.ea.m giving a 
mul.:Upte tc.oughne/2.6; otc. :they may 6otc.m in time .6 equenc.e ptc.oduc.ing va.tc.ia.b.le 
tc.oughne/2.6. 
Multiple roughness is related to variations in shear stress (yy S) 
0 
and s tream power 0Jyy S) in a channel cross section. The greate r the 
0 
width-depth ratio of a stream, the greater is the probability of a 
spati al variation in shear stress, stream power or bed material. Thus, 
the occurrence of multiple roughness is closely related to the width-
depth ratio of the stream. 
Variable roughness is related to changes in shear stress, stream 
power , or reaction of bed material to a given stream power over time. 
A commonly observed example of the effect of changing shear stress or 
s tream power is the change in bed form that occurs with changes in depth 
during a runoff event. Another example is the change in bed form that 
occurs with change in the viscosity of the flui d as the temperature or 
concentration of fine sediment varies over time. It should be noted 
that a transition occurs between the dtme bed and the plane bed; either 
bed configuration may occur for the same value of stream power. 
In the following paragraphs bed configurations and their associated 
flow phenomena are described in the order of their occurrence with increas-
ing stream power. 
3.2. 3 Bed configuration without sediment movement 
I f the bed material of a stream moves at one discharge but not at 
a smaller discharge, the bed configuration at the smaller discharge will 
be a remnant of the bed configuration formed when sediment was moving. 
The bed configurations after the beginning of motion may be those illus-
trated in Fig. 3.2.1, depending on the flow and bed material. Ptuotc. :to 
the beginning 06 motion, :the ptc.ob.lem 06 tc.e/2i.6ta.nc.e :to 6.low i.6 one 06 
tugid- bounda.tc.y hydtta.ui.ic..6. A6.tetc. beginning 06 motion, :the ptc.ob.lem tc.ela.:te/2 
to de6ining bed c.on6igutc.a.tion and tc.ui.6ta.nc.e to 6.low. 
Plane bed without movement has been studied to determine the flow 
conditions for the beginning of motion and the bed configuration that 
would form after beginning of motion. In genetc.a..l, Shield.6' tc.ela.tlon, 
Fig. 3.2.3, 6otc. :the beginrung 06 motion i.6 adequate. After the beginning 
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of motion, for flat slopes and low velocity, the plane bed will change 
to ripples for sand material smaller than 0.6 mm, and to dunes for 
coarser material. Resistance to flow is small for a plane bed without 
sediment movement and is due solely to the sand grain roughness. Values 















' ' Motion ...... I 
' """'--
---r--. ...... t-- No Motion 
~ Beginninc;i of Motion 
2 4 6 8 10 20 40 60 80 100 400 
V*d/v 
Fig. 3.2.3 Shields relation for beginning of motion 
[Adapted from Gessler (1971)] 
3.2.4 Ripples 
1000 
Ripples are small triangle-shaped elements having gentle upstream 
slopes and steep downstream slopes. Length ranges from 0.4 ft to 2 ft 
and height from 0.02 ft to 0.2 ft (See Fig. 3.2.1). Resistance to flow 
is relatively large (with Manning's n ranging from 0.018 to 0.030). 
There is a relative roughness effect associated with a ripple bed and 
the resistance to flow decreases as depth increases. The ripple shape 
is independent of sand size and at large values of Manning's n the 
magnitude of grain roughness is small relative to the form roughness. 
The length of the separation zone downstream of the ripple crest is 
about ten times the height of the ripple. Ripple/2 c.a.u6 e. veJuj i.);t;tle., 
i...f, a.n.y, futwi.ba.nc.e. on the. wa..teJt .6Ull.f,a.c.e., a.nd the. 6low c.on.:tain.6 veJty 
lJ...:t:tle. .6U.6pe.n.de.d be.d ma.:tvu.a..l. The bed-material discharge concentra-
tion is small, ranging from 10 to 200 ppm. 
3.2.5 Dunes 
When the shear stress or the stream power is increased for a bed 
having ripples (or, a plane bed without movement if the bed material 
• 
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is coarser than 0.6 mm), waves called dunes form on the bed. At smaller 
shear-stress values, the dunes have ripples superposed on their backs. 
These ripples disappear at larger shear values, particularly if the bed 
material is coarse sand with d50 > 0.4 mm. 
Dunes are large triangle-shaped elements similar to ripples (Fig. 
3. 2.1). Their lengths range from two feet to many hundreds of feet, 
depending on the scale of the flow system. Dunes that formed in the 
eight-foot wide flume used by Simons and Richardson (1963) ranged from 
two feet to ten feet in length and from 0.2 feet to 1 ft in height, 
whereas those described by Carey and Keller (1957) in the Mississippi 
River were several hundred feet long and as much as 40 ft high. The 
maximum amplitude to which dunes can develop is approximately the 
average depth. Hence, in contrast with ripples, the amplitude of 
dunes can increase with increasing depth of flow. With dunes, the 
relative roughness can remain essentially constant or even increase 
with increasing depth of flow. 
Field observations indicate that dunes can form in any channel, 
irrespective of the size of bed material, if the stream power is suf-
ficiently large to cause general transport of the bed material without 
exceeding a Froude number of unity. 
Re.-6,W:ta.nc.e. to 6R..ow c.au6 e.d by du.ne.-6 ,W laJtg e.. Ma.mung '.6 n Jta.ng e.-6 
6nom 0.020 to 0.040. The form roughness for flow with dunes is equal 
to or larger than the sand grain roughness. 
Vu.neo c.au6e. R..a1tge. .6e.paJta.tion zone.-6 in the. 6R..ow. These zones, in 
turn, cause large boils to form on the surface of the stream. Measure-
ments of flow velocities within the separation zone shows that veloci-
ties in the upstream direction exist that are 1/2 to 1/3 the average 
stream velocity. Boundary shear stress in the dune trough is sometimes 
sufficient to form ripples oriented in a direction opposite to that 
of the primary flow in the channel. With dunes, as with any tranquil 
flow over an obstruction, the water surface is out of phase with the 
bed surface (see Fig. 3.2.2). 
3.2.6 Plane bed with movement 
M the .6bte.am poweJt o 6 the. 6R..ow inCJte.a.6 e..6 6Wl-the1t, :the. du.ne.-6 
elongate. and ~e.du.c.e. in ampU:tu.de. Th,u, bed c.on6igu.Jta.tion ,W c.a.R..R..e.d 
the. :tJta.n.tiilion o~ WMhe.d ou.t du.ne..6. The neu bed c.on6,lgu.Jta.tion with 
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inCJte.Ming 1.:,.tJr,e,am poweJt ,[I.:, plane, bed wLth moveme,n,t, Dunes of fine sand 
(low fall velocity) are washed out at lower values of stream power than 
are dunes of coarser sand. With coarse sands larger slopes are required 
to effect the change from transition to the plane bed and the result is 
larger velocities and larger Froude numbers. In flume studies with fine 
s and, the plane-bed condition commonly exists after the transition and 
persists over a wide range of Froude numbers (0.3 < F < 0.8). If the 
- r -
sand is coarse and the depth is shallow, however, transition may not 
terminate until the Froude number is so large that the subsequent bed 
form may be antidunes rather than plane bed. In natural streams, because 
of their greater depths, the change from transition to plane bed may occur 
at a much lower Froude number than in flumes. 
3.2.7 Antidunes 
An.:tldune,1.:, 6otun M a 1.:,eJr.J._e,1.:, oJt.. :ttc.a.,i,n 06 ,lnphcuie, (c.ouple,d) l.:itj111me;tJu.,c.al 
1.:iand and UXU:Vt uxive,1.:, (Fig. 3.2.1). The height and length of these waves 
depend on the scale of the flow system and the characteristics of the 
fluid and the bed material. In the flume where the flow depth was about 
0.5 ft deep the height of the sand waves ranged from 0.03 ft to 0.5 ft, 
the height of the water waves was 1.5 to 2 times the height of the sand 
waves and the length of the waves, from crest to crest, ranged from five 
to ten feet. In natural streams, such as the Rio Grande or the Colorado 
River, much larger antidunes form. In these streams surface waves 2 to 
5 ft high and 10 to 40 ft long have been observed. 
Antidunes form as trains of waves that gradually build up from a 
plane bed and a plane water surface. The waves may grow in height 
until they become unstable and break like the sea surf or they may 
gradually subside. The former have been called breaking antidunes, 
or antidunes; and the latter, standing waves. As the antidunes form 
and increase in height, they may move upstream, downstream, or remain 
stationary. Their upstream movement led Gilbert (1914) to name then 
antidunes. 
Resistance to flow due to antidunes depends on how often the 
antidunes form, the area of the stream they occupy, and violence and 
frequency of their breaking. 16 the, an.tidune,1.:, do not b1t..eak, 1t..e,1.:,,i,,6tanc.e, 
:to 6low ,[I.:, about the, -6ame, M that fioJt.. filow oveJt a plane, be,d. 16 many 
an:UduneA b1t..eak, Jt..eA,[l.:,:tanc.e, to filow ,i,,6 .f.a.Jt..geJt be,c.au,1.:,e, the, b1t..eating wave,1.:, 
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fu.6ipa.te a c.orniideJtab.le amount o 6 eneJtgy. With breaking waves, 
Manning's n may range from 0.012 to 0.020. 
3.2.8 Chutes and pools 
A.;t veJty .6teep .6.lope.t,, al..luv,i._a.l-c.hanne.l 6.low c.hangef.. to c.hutef.. and 
poo.lf.. (Fig. 3.2.1). In the 8-foot-wide flume at Colorado State Uni-
versity, this type of flow and bed configuration was studied using fine 
sands. The flow consisted of a long chute (10 to 30 ft) in which the 
flow was rapid and accelerating followed by a hydraulic jump and a 
long pool. The chutes and pools moved upstream at velocities of about 
one to two feet per minute. The elevation of the sandbed varied within 
wide limits. Resistance to flow was large with Manning's n of 0.018 
to 0.035 . 
The relation between stream power, velocity and bed configuration 
1s shown in Fig. 3.2.4. This relation pertains to one sand and was 
determined in the 8-ft flume at Colorado State University. 
3.2.9 Bars 
In natural or field size channels, some other bed configurations 
are also fotmd. These bed configurations are generally called bars and 
are related to the plan form geometry and the width of the channel. 
Ba.M Me bed 6otun6 having .lengthf.. 06 the 1.iame otr..deJL a1.i the c.hanne.l 
width otr.. gtr..eateJL and hught.6 c.ompatr..ab.le to the mean depth 06 the 
gene.tr..a;Ung 6.low. Several different types of bars are observed. They 
are classified as: 
(1) Point Ba.M wh,i._c.h oc.c.utr.. adjacent to the c.onvex bank.-6 06 c.hanne.l 
bend.6. Their shape may vary with changing flow conditions, 
but they do not move relative to the bends. 
(2) AUeJtnating Ba.M wh,i._c.h oc.c.utr.. in 1.iomewhat .t,ttr..a,i._ghteJL tr..eac.hef.. of; 
c.hannw and tend to be furubu:t.ed pruod,i._c.a.l.ly a.long the 
tr..eac.h, W-Uh c.o mi ec.u,t,,i._v e ba.M on o ppo.6 Ue .6idef.. o 6 the c.hanne.l. 
Their lateral extent is significantly less than the channel 
width. Alternating bars move slowly downstream. 
(3) Ttr..arniveJLl.ie Ba.M wh,i._c.h a.ll.io oc.c.utr.. in .t>tM,i._ght c.hannw. They 
occupy nearly the full channel width. They occur both as 
isolated and as periodic forms along a channel, and move 
slowly downstream. 
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( 4) Ttubu.:talt.y BaM wlueh oec.wt -i..mme.clla;tdy down6bte.a.m nMm po,&i;U 
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V = Average Velocity, ft/sec 
Fig. 3.2.4 Change in velocity with stream power 
for a sand with D50 = 0.19 mm 
In longitudinal section, bars are approximately triangular, with 
very long gentle upstream slopes and short downstream slopes that are 
approximately the same as the angle of repose. Bars appear as small 
barren islands during low flows. Portions of the upstream slopes of 
bars are often covered with ripples or dunes. 
3.2.10 Regimes of flow in alluvial channels 
The flow in alluvial channels is divided into two flow regimes 
with a transition zone between (Simons and Richardson, 1963). These 
two flow regimes are characterized by similarities in the shape of the 
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bed configuration, mode of sediment transport, process of energy 
dissipation, and phase relation between the bed and water surfaces. The 
two regimes and their associated bed configurations are: 
Lowell.. olow neg..une (small stream power) 
(1) Ripples 
(2) Dunes with ripples superposed 
(3) Dunes 
T Jr.a.n..&Lt.io n zone 
The bed roughness ranges from dunes to plane bed or antidunes. 
Uppell.. olow neghne (large stream power) 
(1) Plane bed 
(2) Antidunes 
a. Standing waves 
b. Breaking antidunes 
(3) Chutes and pools 
3.2.11 Lower flow regime 
In the lowell.. olow neghne, nu.l6ta.nc.e to olow ,v., laltge a.nd .6edhnent 
~pant ,v., .6ma.ll. The bed form is either ripples or dunes or some 
combination of the two. The water-surface undulations are out of phase 
with the bed surface, and there is a relatively large separation zone 
downstream from the crest of each ripple or dune. The most common mode 
of bed-material transport is for the individual grains to move up the 
back of the ripple or dune and avalanche down its face. After coming 
to rest on the downstream face of the ripple or dune, the particles 
remain there until exposed by the downstream movement of the dunes; 
then the cycle of moving up the back of the dune, avalanching, and 
storage is repeated. Thus, most movement of the bed-material particles 
is in steps. The velocity of the downstream movement of the ripples or 
dunes depends on their height and the velocity of the grains moving up 
their backs. 
3.2.12 Upper flow regime 
1n the uppell.. olow neghne, nu.l6ta.rtc.e to olow .l6 .6mill and 1.>ecUment 
.t/La.rt.6po!t:t ,v., laltge. The usual bed forms are plane bed or antidunes. 
The water surface is inphase with the bed surface except when an anti-
dune breaks, and normally the fluid does not separate from the boundary. 
A small separation zone may exist downstream from the crest of an 
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antidune prior to breaking. Resistance to flow is the result of grain 
roughness with the grains moving, of wave formation and subsidence, and 
of energy dissipation when the antidunes break. The mode of sediment 
transport is for the individual grains to roll almost continuously 
downstream in sheets one or two grain diameters thick; however, when 
antidunes break, much bed material is briefly suspended, then movement 
stops temporarily and there is some storage of the particles in the bed. 
3.2.13 Transition 
The bed conoigww.tion in the bta.n6ilion zone ,iA eJlJl..aj:,,,[c. It may 
r ange from that typical of the lower flow regime to that typical of 
the upper flow regime, depending mainly on antecedent conditions. If 
the bed configuration is dunes, the depth or slope can be increased to 
values more consistent with those of the upper flow regime without 
changing the bed form; or, conversely, if the bed is plane, depth and 
slope can be decreased to values more consistent with those of the lower 
flow regime without changing the bed form. Often in the transition from 
the lower to the upper flow regime, the dunes decrease in amplitude and 
increase in length before the bed becomes plane (washed-out dunes). 
Ru,iAta.nce to o,tow and 1.i eJ:Ument Vta.n6 pon.,t, mo ha.ve the 1.>ame vaJUa.bilily 
M the bed con6igww.tion ~n the Vta.n6ilion. This phenomenon can be 
explained by the changes in resistance to flow and, consequently, the 
changes in depth and slope as the bed form changes. Resistance to 
flow is small for flow over a plane bed; so the shear stress decreases 
and the bed form changes to dunes. The dunes cause an increase in 
resistance to flow which increases the shear stress on the bed and the 
dunes wash out forming a plane bed, and the cycle continues. It was the 
transition zone, which covers a wide range of shear values, that Brooks 
(1958) was investigating when he concluded that a single-valued function 
does not exist between velocity or sediment transport and the shear 
stress on the bed. 
3.3.0 VARIABLES AFFECTING ALLUVIAL CHANNEL FLOW 
Resistance to flow in alluvial channels is complicated by the large 
number of variables and by the interdependency of these variables. 
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I.t -U> di66,i.c.u1..t, e.6pe.~ in Meld .6.tu.die.6, .to .te.l.l whieh vaJUa.ble.6 
Me gove.ttn,i,ng .the. 6low a.nd whleh vcvu.a.ble.6 Me .the. ll.e.6ui..:t 06 .th-U> 6low. 
The slope of the energy grade line of an alluvial stream illustrates 
the changing role of a variable. If a stream is in equilibrium with its 
environment, slope is an independent variable. In such a stream, the 
average slope over a period of years has adjusted so that the flow is 
capable of transporting only the amount of sediment supplied at the 
upper end of the stream and by the tributaries. If for some reason, a 
larger or smaller quantity of sediment is supplied to the stream than 
the stream is capable of transporting, the slope would change and would 
be dependent on the amount of sediment supplied. 
In the following sections the variables affecting resistance to 
flow are discussed. The effects produced by different variables change 
under different conditions. These changing effects are discussed along 
with approximations to simplify the analysis of alluvial channel flow. 
The variables that describe alluvial channel flow are: 




Sf= slope of the energy grade line 
p = density of water-sediment mixture 
µ = apparent dynamic viscosity of the water-sediment mixture 
g = gravitational constant 
d = representative fall diameter of the bed material 
G = measure of the size distribution of the bed material 
ps = density of sediment 
S = shape factor of the particles 
p 
SR= shape factor of the reach of the stream 
S = shape factor of the cross section of the stream 
C 
f = seepage force in the bed of the stream 
s 
CT= the bed-material concentration 
Cf= the fine-material concentration 
w = the terminal fall velocity of the particles. 
In general, the river problems are confined to flow of water over 
beds consisting of quartz particles with constant p . The value of 
s 
g is also constant in the present context. The effect of other variables 
on the flow in alluvial channels is qualitatively discussed in the 
III-13 
following sections. Most of this presentation is based on laboratory 
studies and has been supplemented by field experience when available. 
3. 3.1 Depth 
With a constant slope and bed material, an increase in depth can 
change a plane bed (without movement) to ripples, and ripple-bed con-
figuration to dunes, and a dune bed to a plane bed or antidunes. Also, 
a decrease in depth may cause a plane bed or antidunes to change to a 
dune-bed configuration. A typical break in a depth-discharge relation 
caused by a change in bed form from dunes to plane bed or from plane 
bed to dunes is shown in Fig. 3.3.1. 
Often there is a gradual change in bed form and a gradual reduction 
i n resistance to flow and this type of change prevents the break in the 
stage-discharge relation. Neverthelsss, a l6 po~~ible to expvuence 
a. .tMge inCJteMe in fucha.Jr..ge w.i..th latte otr.. no c.ha.nge in ~ta.ge. For 
this and related reasons the development of dependable stage-discharge 
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Fig. 3.3.1 Relation of depth to discharge for Elkhorn River near Waterloo, 
Nebraska [after Beckman and Furness (1962)] 
Ru~ta.nce to Mow v~u w.i..th depth even when the bed conniguJta.-
tio~ do not cha.nge. When the bed configuration is plane bed, either 
with or without sediment movement or ripples, there is a decrease in 
resistance to flow with an increase in depth - that is, a relative 
roughness effect. 
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When the bed configuration is dune bed, field and laboratory studies 
indicate that resistance to flow may increase or decrease with an increase 
in depth depending on the size of bed material and magnitude of the depth. 
Additional studies are needed to define the variation of resistance to 
flow for flow over dune beds. 
When the bed configuration is antidunes, resistance to flow increases 
with an increase in depth to some maximum value, then decreases as depth 
is increased further. This increase or decrease in flow resistance is 
directly related to changes in length, amplitude, and activity of the 
antidunes as depth is increased. 
3.3.2 Slope 
The slope is an important factor in determining the bed configuration 
which will exist for a given discharge. The slope provides the downstream 
component of the fluid weight which in turn determines the fluid velocity 
and stream power. The relation between stream power, velocity and bed 
configuration has been illustrated in Fig. 3.2.4. 
Even when bed configurations do not change, resistance to flow 
is affected by a change in slope. For example, with shallow depths and 
the ripple-bed configuration, resistance to flow increases with an increase 
in slope. With the dune-bed configuration, an increase in slope increases 
resistance to flow for bed materials havi ng fall velocities greater than 
0.20 fps. For those bed materials having fall velocities less than 
0.20 fps, the effect is uncertain. 
3.3.3 Apparent viscosity and density 
The effect of fine sediment (bentonite) on the apparent kinematic 
viscosity of the mixture is shown in Fig. 3.3.2. The magnitude of the 
effect of fine sediment on viscosity is large and depends on the chemi-
cal make up of the fine sediment. 
In add-i.;uo n :to c.ha.nging :the. V-<.l, c.o-t.alj, Mne. f., e.cume.n:t f.,W., pe.nde.d 
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Fig. 3.3.2 Apparent kinematic viscosity of water-bentonite dispersions 
the ¢peuoie wught (y) . The specific weight of a sediment-water 
mixture is computed from the relation, 
y = 3.3.2 
where Yw = specific weight of the water (about 62.4 lb per cu ft) 
Ys = specific weight of the sediment (about 165.4 lb per cu ft) 
C = concentration by weight (in fraction form) of the suspended s sediment. 
A sediment-water mixture , where C = 10 percent, has a specific weight 
s 
(y) of about 66.5 lb per cu ft, and any change in y affects the 
boundary shear stress and the stream power. 
and 
Changes in the fall velocity of a particle caused by changes in the 
viscosity and the fluid density, resulting from the presence of suspended 
bentonite clay in the water, are shown in Fig. 3.3.3a. For comparative 
purposes, the effect of temperature on the fall velocity of two sands 
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Fig. 3.3.3 Variation of fall velocity of several sand mixtures with 
percent bentonite and with temperature 
3.3.4 Size of bed material 
The. e.66e.w 06 :the. phy.6..i.c.al. .6..i.ze. 06 :the. be.d ma.,tvu.a..l on 1te..6..i..6:ta.nc.e. 
:to 6low aJte (1) W in6lue.nc.e. on :the. 6a.Ll ve.loc...i.:ty, which is a measure 
of the interaction of the fluid and the particle in the formation of the 
bed configurations, (2) w e.66e.c.:t on gJuUn Jtoughne..6.6, and (3) w 
e.Ue.c.:t on :the. :tu1tbule.n:t .6:tltuc.:tulte. and :the. ve.loc...i.:ty 6..i_e.ld 06 :the. 6low. 
The physical size of the bed material, as measured by the fall 
diameter or by sieve diameter, is a primary factor in determining fall 
velocity. U.6e. 06 :the. 6a.Ll d..i.ame.:te.Jt in.6:te.a.d 06 :the. .6..i.e.ve. d..i.ame.:te.Jt ..i..6 
advan:tage.oU.6 be.c.aU.6e. :the. .6hape. 6ac.:toJt and de.n.6..i.:ty 06 :the. paJt:t..i.c.le. c.an 
be. elJ..mJ_na.,te.d a.6 va.Jt..i.able..6. That is, if only the fall diameter is 
known, the fall velocity of the particle in any fluid at any temperature 
can be computed; whereas, to do the same computation when the sieve 
diameter is known, knowledge of the shape factor and density of the 
particle are also required. 
The physical size of the bed material determines the friction 
factor mainly for the plane-bed condition and for antidunes when they a~e not 
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actively breaking. The breaking of the waves, which increases with a 
decrease in the fall velocity of the bed material causes additional 
dissipation of energy. 
The physical size of the bed material for a dune-bed configuration 
also has an effect on resistance to flow. The flow of fluid over the 
back of dunes is affected by grain roughness, al though the dissipation 
of energy by the form roughness is the major factor. The form of the 
dunes is also related to the fall velocity of the bed material. 
3.3.5 Size gradation 
The gradation of sizes of the bed material affects bed form and 
resistance to flow. Flume experiments indicate that uniform sands 
(sands of practically the same size) have larger resistance to flow 
(except plane bed) than graded sands for the various bed forms. Also 
the transition from upper flow regime to lower flow regime occurs over 
a narrower range of shear values for the uniform sand. For plane bed 
with motion, resistance to flow is about the same for either uniform 
or graded sand. 
3.3.6 Fall velocity 
Fill v el_o Wlj ,L6 the, p!U.maAlj va.Ju..a.ble, ;tha;t de,;t eJun,{.n v.. the, inteJz. -
act<.on bWJe,e,n the, be,d ma.teJz,,i,al and the, 6lu.id. For a given depth and 
slope, the fall velocity determines the bed form that will occur, the 
actual dimensions of the bed form and, except for the contribution 
of the grain roughness, the resi stance to flow. 
Observations of natural streams have shown that the bed configura-
tion and resistance to flow change with changes in fall velocity when 
the discharge and bed material are constant. For example, the Loup 
River near Dunning, Nebraska has bed roughness in the form of dunes 
in the summer when the water is warm and less viscous but has a nearly 
plane bed during the cold winter months. Similarly, two sets of data 
collected by Harms and Fahnestock (1965) on a stable branch of the Rio 
Grande at similar discharges show that when the water was cold, the 
bed of the stream was plane, the resistance to flow was small, the 
depth was relatively shallow, and the velocity was large; but when 
the water was warm, the bed roughness was dunes, the resistance to 
flow was large, the depth was large, and the velocity was low. 
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3.3.7 Shape factor for the reach and cross section 
The shape of the reach and the shape of the cross section affect 
the energy losses resulting from the nonuniformity of the flow in a 
natural stream caused by the bends and t he nonuniformity of the banks. 
Study of these losses in natural channels has long been neglected. 
Al so, flow phenomena, bed configuration, and resistance to flow vary 
with the width of the stream. In narrow channels dunes and antidunes are 
more two-dimensional and resistance to flow is larger than for a wide 
channel. Also, in wide channels more than one bed form can occur in the 
cross section. 
3.3.8 Seepage force 
A seepage force occurs whenever there is inflow or outflow through 
the bed and banks of a channel in permeable alluvium. The ~eepage 6low 
a6 6ec..t6 the alluvial ehannel phenomena by altVU:.ng the velowy 6ield in 
the viunity 06 the bed pMtid~ and by ehanging the e6{Jec:uve weight 
06 the bed pcur.tid~. Seepage may have a significant effect on bed 
configuration and resistance to flow. If there is inflow, the seepage 
force acts to reduce the effective weight of the sand and consequently, 
the stability of the bed material. If there is outflow, the seepage 
force acts in the direction of gravity and increases the effective weight 
of the sand and the stability of the bed material. As a direct result of 
changing the effective weight, the seepage forces can influence the form 
of bed roughness and the resis tance to flow for a given channel flow. 
For example, under shallow flow a bed material with median diameter of 
0.5 mm will be molded into the following forms as shear stress is 
increased: Ripples, dunes, transition, standing sand and water waves, 
and antidunes. If this same material was subjected to a seepage force 
that reduced its effective weight to a value consistent with that of 
medium sand (median diameter, d = 0.3 mm), the forms of bed roughness 
would be ripples, dunes, transition, plane bed, and antidunes for the 
same range of flow conditions. 
A common· field condition is outflow from the channel during the 
rising stage; this process increases the stability of the bed and bank 
material but stores water in the banks. During the falling stage, the 
situation is reversed; inflow to the channel reduces the effective 
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weight and stability of the bed and bank material and influences the 
form of bed roughness and the resistance to flow. 
3.3.9 Concentration of bed-material discharge 
The concentration of bed-material discharge (CT), affects the fluid 
properties by increasing the apparent viscosity and the density of the 
water-sediment mixture. However, the effect of the sediment on viscosity 
~ and density p in any resistance to flow relation is accotmted for 
by using their values for the water-sediment mixture instead of their 
values for pure water. The presence of sediment in the flow causes a 
smal l change in the turbulence characteristics, velocity distribution 
and resistance to flow. 
3.3.10 Fine-sediment concentration 
Fine sediment or wash load is that part of the total sediment dis-
charge that is not found in appreciable quantities on the bed. If much 
sediment is in suspension, its effect on the viscosity of the water-
sediment mixture should be taken into account. The effect of fine 
sediment on resistance to flow is a result of its effect on the apparent 
viscosity and the density of the water-sediment mixture. Generally the 
fine sediment is uniformly distributed in the stream cross section. The 
method of defining and treating the fine-material load computations is 
subsequently discussed in this chapter. 
3.4.0 PREDICTION OF BED FORM 
In Fig. 3.4.1, the relation between stream power, median fall 
diameter of bed material, and form roughness is shown. Th-u.i ~ela,t,i,on 
givv.i a.n ,i_nd,i,c.a,t,i,on Oo :the ooJUn 06 bed ~oughne.J.il.i one c.a.n a.ntiupa.:te Io 
:the depth, 1.ilope, vetoc.ily, a.nd oa.U cuame:teJt Oo bed ma.:twal. Me known. 
Flume data were utili zed to establish the boundaries separating plane bed 
and ripples, ripples and dtmes for all sizes of bed material, and dunes 
and transition for the 0.93 mm bed material. The lines dividing dunes 
and transition and dividing transition and upper regime are based on 
flume data and the following field data: (1) Elkhorn River, near 
Waterloo, Nebraska (Beckman and Furness, 1962), (2) Rio Grande, 20 
miles above El Paso, Texas, (3) Middle Loup River at Dunning, Nebraska 
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Fi g. 3. 4.1 Rel ation between stream power, median fall diameter, and 
bed configuration 
and at Angostura heading, N. Mexico (Culbertson and Dawdy, 1964), and 
(5 ) Punjab canal data upper regime flows that have been observed in 
large irrigation canals that have fine sandbeds . 
3. 5 .0 MANNING'S N VALUES FOR NATURAL SAND BED STREAMS 
Observations by the authors on natural sandbed streams with bed 
material having a median diameter ranging from 0.1 mm to 0.4 mm indi cate 
that the bed planes out and resistance to flow decreases whenever high 
flow occurs. Ma.nn.ing '.6 n c.ha.nge/2 61tom val.ue/2 a..6 la.Jtge. a..6 0. 040 at low 
0tow to a..6 .6ma.ll a..6 0.012 a.t fu.gh 6low. An example is given in Fig. 3.5.1. 
These observations are substantiated by Dawdy (1961), Colby (1960), 
Corps of Engineers (1968) and Beckman and Furness (1962). 













Discharge, millions of cfs 
Fig. 3.5.1 Change in Manning's n with discharge for Padma River in 
Bangladesh 
Lower flow regime 
(0.018 < n .::_0.028) 
(0.020 < n .::_ 0.040) 
Upper flow regime 
Plane bed (0.010 < n < 0.013) 
Antldu.ne..o 
Standing waves (O.010 < n .::_ O. O 15) 
Breaking waves (0. 012 < n .::_ O. 020) 
Chtde and pool-6 (0.018 < n < 0.035) 
3.6.0 HOW BED-FORM CHANGES AFFECT HIGHWAYS IN THE RIVER ENVIRONMENT 
At high flows, most sandbed channel streams shift from a dune 
bed to a transition or a plane. The resistance to flow is then decreased 
two to three-fold. The corresponding increase in velocity can increase 
scour around bridge piers, abutments, spur dikes or banks and also the 
required size of riprap. On the other hand, the decrease in stage re-
sul ting from the planing out of the bed, will decrease the required 
elevation of the bridge crossing, the height of embankments across the 
floodplain, the height of any dikes, and also the height of any channel 
control works that may be needed. 
Another effect of bed forms on highway crossings is that with dunes 
on the bed, .:theJLe ,u., a 6lu.ctua..:ti.ng pa.:t.:teJLn 06 1.>c.oWl. on .the bed and cvwund 
the pie.M, abu..:tmen.:t-6 OIL .6pWl. dik.e..o. The average height of dunes is 
approximately 1/2 to 1/3 the average depth of flow and the maximum height 
of a dune may approach the average depth of flow. If the depth of flow 
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is 10 feet, the maximum dune height may be of the order of 10 feet and 
half of this would be below the mean elevation of the bed. With the 
passage of this dune through a bridge section, an increase of 5 feet 
in the local scour would be anticipated when the trough of the dune 
arrives at the bridge. 
A vvuJ ,i,mpoJt,ta.n.,t e.66e.c.t 06 be.d 6o1Un6 a.nd ba.M ,lb the. c.ha.nge. 06 flow 
clute.ction in c.hanne.£1.i. At low flow the bars can be residual and cause 
hi gh velocity flow along or at a pier or abutment or any of the other 
s t ructures in the s tream bed, causing deeper than anticipated scour. 
As stated previously large discharges normally experience smaller 
res i stance to flow in a sandbed stream due to the change in bed form. 
However, if the bridge crossing or encroachment causes appreciable 
backwater, the dune bed may not plane out at large discharges and a 
hi gher resistance to flow results. This increase in resistance to flow 
can decrease the velocity of flow and also decrease the transport 
capacity of the channel so that aggradation occurs upstream of the 
cr ossing. The aggradation and the roughness increases the river stage 
and thus the height of any control structure or the levees. Thus, the 
bridge crossing can adversely affect the floodplain, due to the change 
in bed form that would occur. 
With highways in the sandbed river environment, care must be used in 
analyzing the crossing in order to foresee possible changes that may 
occur in the bed form and what this change may do to the resistance 
coefficient, to the stability of the reach and its structures and to 
river environment. 
3.7 .0 PROPERTIES OF ALLUVIAL MATERIAL 
A knowledge of the properties of the bed-material particles is 
essential, as they indicate the behavior of the particles in their 
interaction with the flow. Several of the important bed-material 
properties are discussed in the following sections. 
3. 7.1 Size 
Of the various sediment properties, physical size has by far the 
greatest significance to the hydraulic engineer. The particle size is 
the most readily measured property, and other properties such as shape, 
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fall velocity and specific gravity tend to vary with size in a roughly 
predictable manner. In. ge.n.eJtal., .6.lze. 1te.p1te..6e.n,:a a. .6u66,lue.n:tly c.omple;te. 
d e..6 c.Jr..lptio n. o 6 :the. .6 e.d.lm e.n.:t pa.Jr.tide. 6 alt ma.n.y p1ta.c.tic.a.l puJr.po.6 e..6 • 
Particle size may be defined by its volume, diameter, weight, fall 
velocity, or sieve mesh size. Except volume, these definitions also 
depend on the shape and density of the particle. The following definitions 
are commonly used to describe the particle size: 
(1) Nom.lna.l d.la.me;te.Jr.: The diameter of a sphere having the same 
volume as the particle. 
(2) S.le.ve. d.la.me;te.Jt: The diameter of a sphere equal to the length 
of the side of a square sieve opening through which measured 
quantities (by weight) of the sample will pass. As an 
approximation the sieve diameter is equal to the nominal 
diameter. 
(3) Se.d.lme.n.:ta.tion. d.la.me;te.Jr.: The diameter of a sphere with the 
same fall velocity and specific gravity as the particle in 
the same fluid tmder the same conditions. 
( 4) Sta.nda.1td 6a.ll d.la.me;te.Jr.: The diameter of a sphere that has a 
specific gravity of 2.65 and also has the same terminal 
settling velocity as the particle when each is allowed to 
settle alone in quiescent, distilled water of infinite extent 
and at a temperature of 24°C. 
(5) S:ta.nda.Jui. 6a.ll ve.loc..l:ty: The terminal settling velocity of a 
particle falling alone in quiescent, distilled water of infinite 
extent at a temperature of 24°C. 
In general, .6e.d.lme.n.:a ha.ve. be.e.n cla..6.6.lo.le.d .ln.:to boulde.!t.6, c.obble..6, 
91ta.ve.l.6, .6and.6, .6.ll:t-6, and c.i,a.y.6 on the basis of their nominal or sieve 
diameters. The size range in each general class is given in Table 3.7.1 
The boulder class is generally of little interest in sediment problems. 
The cobble and gravel class plays a considerable role in problems of 
local scour and resistance to flow and to a lesser extent in bed load 
transportation. The sand class is one of the most important in alluvial 
channel flow. The silt and clay class is of considerable importance in the 
evaluation of stream loads, bank stability and problems of seepage and 
consolidation. 
3. 7. 2 Shape 
Generally speaking, shape refers to the overall geometrical form of 
a particle. Sphvu.cUy, .l-6 de.6.lne.d a..6 .the. tto.tio 06 .the. .6uJr.6ac.e. a.Jr.ea. 06 
a .6phe.1te. 06 .the. .6a.me. volume. a..6 .the pa.Jr.tide .to .the a.c..tua.l .6uJr.6a.c.e. a.Jr.ea ofi 
Table 3 . 7 .1 Sediment grade scale 
Approximate Sieve 
Mesh 
Size Openings per Inch 
U.S. 









16-8 0.6-0.3 2 1/2 
8-4 0.3-0.16 5 5 
4-2 0.16-0.08 9 10 
2-1 2. 00-1. 00 2000-1000 16 18 
1-1 1/2 1. 00-0. so 1000-500 32 35 
1/2-1/4 0.50-0.25 500-250 60 60 
1/4-1/8 0 . 25-0.125 250-125 115 120 
1/8-1/16 0.125-0.062 125-62 250 230 
1/16-1/32 0.062-0.031 62-31 
1/32-1/64 0.031-0.016 31-16 
1/64-1/128 0.016-0.008 16-8 
l/1~8-1/256 0.008-0.004 8-4 
1/256-1/512 0.004-0.0020 4-2 
1/521-1/1024 0.0020-0.0010 2-1 
1/ 1024-1/2048 0.0010-0.0005 1-0.5 
1/ 2018-1/4096 0.0005-0.00024 0.5-0.24 
(Rouse, 1950, p. 776) 
Class 







Very coarse gravel H H 
Coarse gravel I N 
Medium gravel .p. 
Fine gravel 
Very fine gravel 












Very fine clay 
III-25 
:the paJt;t.icl.e.. Roundne..6.6 ,L6 de.n,lne.d M :the 11..0.U.o o 6 :the. a.veJta.g e. Jta.d.iu.6 
on c.wr.va.:twr.e o 6 :the. c.Oll .. ne.JL6 a.nd e.dg e..6 o 6 a. pall,t,i..cl.e :to :the. Jta.cuU6 o o a. 
cJAcl.e. ..i...n.6 c.tub ed ..i...n :the. ma.xhnum pita j e.c.:t.ed a.Jte.a. o 6 :the. pa.Jt:t...i...cl.e.. However, 
because of simplicity and effectiveness of correlation with the behavior 
of particles in flow the most commonly used parameter to describe particle 
shape is the CoJte.tj .6ha.pe. 6a.c.:t.oJt Sp defined as 
s = 
p 3. 7.1 
where a, b, and care the dimensions of the three mutually perpendicular 
axes through a particle: a, the longest; b, the intermediate; and c, the 
shortest axis. 
3. 7.3 Fall velocity 
The prime indicator of the interaction of sediment with the flow in 
s uspension is the fall velocity of the sediment particles. The. 6ai..1.... 
v el.a WIJ o 6 a. paJt;t.icl.e. ,L6 de. 6,i..ne.d M :the. v el.a WIJ o 6 :tha.:t paJL;ti,cl.e. 
6a1Li..ng a.lone. in qu..i...e..6c.e.n:t, fuWi..e.d Wa.:te.Jt o,6 ..i...n6..i,..ni:te. e.>d.e.n:t.. In most 
cases, the particle is not falling alone, and the water is not distilled 
or quiescent. Measurement techniques are available for determining the 
fall velocity of groups of particles in a finite field in fluid other 
than distilled water. However, the effect of turbulence on fall 
velocity is not known. 
A paJt;t.icl.e. 6ai..1......i...ng a.:t :tvmu..na.l vel..ou:t.y in a -6,tu..i...d ,i,.,6 unde.Jt :the. 
ac.:Uon 06 a. d!t..i...v..i...ng 6011..c.e. due. :to w buoya.ri:t we...i...gh:t and a Jte,6,W;t,i,.ng 
601tc.e due. :to :the. olu..i...d d!ta.g. Fluid drag is the result of either the 
tangential shear stress on the surface of the particle, or a pressure 
difference on the particle or a combination of the two forces. The 
fl uid drag on the falling particle is given by the drag equation 
2 
w 
FD= CD A p 2 
The buoyant weight of the particle is 





CD= coefficient of drag 
w = terminal fall velocity of the particle 
A = projected area of the particle normal to the direction of flow 
p = fluid density 
Ps = particle density 
g = acceleration due to gravity 
V = volume of the particle 
The area and volume can be written in terms of the characteristic 








If the particle is falling at its terminal velocity, FD= ws or 
2 
w 
(ps-p)gV = CDAp 2 3.7.6 
By substituting Eqs. 3.7.4 and 3.7.5 into Eq. 3. 7.6, the expression 
3.7. 7 
is obtained. 
Four dimensionless variables 
des cribing the fall velocity phenomenon result from Eq. 3.7.7. The 
coefficient of drag is dependent on the Reynold's number 
wd 
Re= p µ 






is usually replaced by the Corey shape factor 
s = p 
Here a, b, and c are the dimensions of the major, intermediate, and 
minor axis of the particle respectively. 
The relation between the fall velocity of particles and the other 
variables are given in Figs. 3.7.1 and 3.7.2 
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Fig. 3. 7.1 Coefficient of drag Co vs. Reynolds number Re for 
spheres and natural sediments with shape factors Sp 
equal to 0.3, 0.5, 0.7, and 0.9. Also, sediment 
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10 100 .1 1 10 100 .1 1 10 
Fall Velocity, cm/sec 
Fig. 3.7.2 Nominal diameter vs. fall velocity (Temperature= 24°C) 
3.7 .4 Cohesion 
100 
Cohesion is the force by which particles of clay are bound together. 
Tlw, 6 011..c.e. ,u., :the. Jt..e6 uLt. o 6 .lo MC. a,t:tJz.a.ct.i..o n among .lncUv.ldu.al pall.ticle6, 
and is a function of the type of mineral, particle spacing, salt con-
centration in the fluid, ionic valence, and hydration and swelling 
properties of the constituent minerals. 
Clays are alumino-silicate crystals composed of two basic building 
sheets; the tetrahedral silicate sheet and the octahedral hydrous aluminum 
oxide sheet. Various types of clays result from different configura-
tions of these sheets. The two main types of clays are kaolinite 
and montmorillonite. Kaolinite crystals are large (70 to 100 layers 
thick), held together by strong hydrogen bonds, and are not readily 
dispersible in water. Montmorillonite crystals are small (3 layers 
thick) held together by weak bonds between adjacent oxygen layers 
and are readily dispersible in water into extremely small particles. 
3.7.5 Angle of repose 
Angle. o 6 11..e.po.6 e. ,u., :the. ma.mum .ti.tape. angle. :tha,t. nonc.ohe6.lve. 
ma.teJua.l will Jt..e6.lde. wUhou:t moving. It is a measure of the inter-
granular friction of the material. The angle of repose for dumped 
granular material is given in Fig. 3.7.3. 
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Mean Diameter, mm 
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Fig. 3.7.3 Angle of repose 
3. 8.0 METHODS OF MEASURING PROPERTIES OF ALLUVIAL MATERIALS 
Following is a summary of selected procedures for measuring size 
distribution, specific weight and porosity, and cohesion of alluvial 
materials. 
3.8.1 Size distribution 
FouJt me.thocl6 on ob,ta,,i,n,i,ng -0ize.. fu.tJubution aJte.. described herein: 
The methods are the. -0ie..ve.. an.a..ly.6~, v~uai. ac.c.wnu...ea..t,lon :tube. anal.y-0~, 
pe.. bble.. c.ount method, and the. pipe..tte.. an.a..ly.6~. In general, the first 
three methods are used for sands, gravels and cobbles. The pipette 
analysis is used for the silts and clays. However the methods for the 
size distribution analysis of coarse sediments are appropriate for 
only a particular range of particle sizes (see Table 3.8.1). All 
together the four methods provide a means of obtaining particle size 
distributions for most bed material samples. 
3. 8.2 Separation of sand from fines 
If the sediment sample to be analyzed (bed material or suspended 
sediment) has considerable fine material (d < .062 mm) it must be 
separated prior to analysis. To separate the coarser sediment from 
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t he fines the sediment should be wet-seived using distilled water and 
a 250-mesh (0.062 mm) sieve. The material passing through the sieve can 
be analyzed by the pipette analysis if further breakdown of the fine 
sediment is desired or dried and included as percent finer than 0.062 mm 
with the analys is of the coarser material. If it is going to be dry 
s ieved, the material retained on the sieve is oven-dried for one hour 
after all visible water has been evaporated. If the material is to be 
analyzed by wet sieving or with the accumulation tube it is not dried. 
3.8.3 Sieves 
Size distribution in the sand and gravel range is generally 
determined by passing the sample through a series of sieves of mesh 
s ize ranging from 4 mm to 0.062 mm. A minimum of about 0.02 grams of 
sand is required for an accurate sieve analysis (Guy, 1969, p. 28). More 
i s required if the sample contains particles of 1.0 mm or larger. Stan-
dard methods employed in soil mechanics are suitable for determining the 
sieve sizes of sand and gravel sediment samples. 
3.8.4 Visual accumulation tube 
The visual accumulation tube is used for determining the size 
distribution of the sand fraction of sediment samples (0.062 ~ d ~ 2.0 mm). 
It is a fast, economical, and accurate means of determining the fall 
velocity or fall diameter of the sediment. The equipment for the visual 
accumulation tube analysis consists of (1) a glass ftmnel about 25 cm 
long, (2) a rubber tube connecting the ftmnel and the main sedimentation 
tube with a special clamping mechanism serving as a "quick acting" valve, 
(3) glass sedimentation tubes having different sized collectors, 
(4) a tapping mechanism that strikes against the glass tube and helps 
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keep the accumulation of sediment Wliformly packed, (5) a special recorder 
consisting of a cylinder carrying a chart that rotates at a constant rate 
and a carriage that can be moved vertically by hand on which is mounted 
a recording pen and an optical instrument for tracking the accumulation 
and (6) the recorder chart which is a printed form incorporating the fall-
di ameter calibration. 
In the visual accumulation tube method, the particles start falling 
from a common source and become stratified according to settling velocities. 
At a given instant, the particles coming to rest at the bottom of the tube 
are of one "sedimentation size" and are finer than partic l es that have 
pr eviously s ettled out and are coarser than those remaining in suspension. 
It has been shown that particles of a sample in the visual tube 
settle with greater velocities than the same particles falling individually 
because of the effect of mutual interaction of the particles. The visual 
accumulation tube apparatus is calibrated to accoW1t for the effects of 
this mutual interaction and the final results are given in terms of the 
standard fall diameter of the particles. 
The visual accumulation tube method may not be suitable for some 
streams that transport large quantities of organic materials such as 
root fibers, leaf fragments, and algae. Also extra care is also needed 
when a stream transports large quantities of heavy or light minerals 
such as taconite or coal. The method is explained in detail by Guy (1969). 
3.8.5 Pebble count method 
The pebble coW1t method is used to obtain the size distribution 
coarse bed materials (gravel and pebbles) which are too large to be 
sieved. These sizes are measured in situ by laying out a square grid 
or taking a line and either analyzing all the particles in the grid 
of 
or on the line in selected class intervals or analyzing random selection 
of particles in the various classes. Very often the coarser material 
is underlain by sands. Then the underlying sands are analyzed by sieving. 
Depending on the type of hydraulic problem the two classes of bed 
material are either combined into a single distribution or used 
separately . 
A square-surface sample is obtained by picking up and counting all 
the surface pebbles in a predetermined size class within a small enclosed 
area of the bed. The area is taken to be representative of the whole 
channel bed. 
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The "pebble" count method entails measurement of "randomly" selected 
particles in the field, often under difficult conditions. Therefore, 
use of the Zeiss Particle-Size Analyzer should be considered (Ritter and 
Helley, 1968). For this method, a photograph of the stream bed is made, 
preferably at low flow, with a 35 mm camera supported by a tripod about 
2 m above the stream bed, the height depending on the size of the bed 
materials. A reference scale, such as a steel tape or a surveyor's rod 
must appear in the photograph. The photographs are printed on the thinnest 
paper available. An iris diaphragm, illuminated from one side, is imaged 
by a lens onto the plane of a Plexiglas plate. By adjusting the iris 
diaphragm the di ameter of the sharply defined circular light spot 
appearing on the photograph can be changed and its area made equal to 
that of the individual particles. As the different diameters are 
registered, a puncher marks the cotmted particle on the photograph. An 
efficient operator can cotmt up to 1,000 particles in a half hour. 
In the line sampling method, a line is laid out or placed either 
across or along the stream. Particles are picked at random intervals 
along the line and measured. The measured particles are classified as 
to size or weight and a percent finer curve or table is prepared. Usually 
100 particles is sufficient to give an accurate classification of the 
size distribution of coarse materials. 
3.8 . 6 Pipette analysis 
The pipette method of determining gradation of sizes finer than 
0.062 mm is one of the most widely accepted techniques utilizing 
the Oden theory and the dispersed system of sedimentation. The upper 
size limit of sediment particles which settle in water according to 
Stokes law and the lower size limit which can be determined readily 
by sieves is about 1/16 mm or 0.062 mm. This size is the division 
between sand and silt (Table 3.7.1) and is an important division in 
many phases of sediment phenomena. 
The fundamental principle of the pipette method is to determine 
the concentration of a suspension in samples withdrawn from a pre-
dete rmined depth as a function of settling time. Particles having 
a settling velocity greater than that of the size at which separation 
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is desired will settle below the point of withdrawal after elapse of a 
certain time. The time and depth of withdrawal are predetermined on the 
basis of Stokes law. 
Satisfactory use of the pipette method requires careful and precise 
operation to obtain maximum accuracy in each step of the procedure. Also 
f or routine analysis, special apparatus can be set up for the analysis of 
a large number of samples. A complete description of a laboratory set 
up and procedure for this method is given by Guy (1969). 
3.8.7 Specific weight 
Spe.uMc. wught ,v., wught peJt u.ni:t vo.lu.me.. In English system of 
dimensions, specific weight is usually expressed in units of pounds per 
cubic foot and in the metric system, in grams per cubic centimeter. In 
connection with granular materials such as soils, sediment deposits, 
or water sediment mixtures, the specific weight is the weight of solids 
per unit volume of the material including its voids. The measurement of 
the specific weight of sediment deposits is determined simply by measuring 
the dry weight of a known volume of the undisturbed material. 
3.8.8 Porosity 
The. po1to-0dy 06 gJta.nula.Jr.. mcu:efl..,[a,l6 ,v., the. '1.a:Uo 06 the. vo.lume. 06 vo.ld 
-0 pa.c.e. to the. to:tai.. vo.lu.me. o 6 a.n unfu.twtbe.d -0a.mple.. To determine porosity, 
the volume of the sample must be obtained in an undisturbed condition. 
Next the volume of solids is determined by liquid displacement or 
indirectly from the weight of the sample and the specific gravity of 
material. The void volume is then obtained by subtracting the volume 
of solids from the total volume. The porosity is the ratio of volume 
of voids to total volume. 
3.8.9 Cohesion 
Several laboratory and field measurement techniques are available 
for determining the magnitude of cohesion, or shear strength, of clays. 
Among these, the vane shear test, which is performed in the field is one 
of the simplest. The vane is forced into the ground and then the torque 
required to rotate the vane is measured. The shear strength is deter-
mined from the torque required to shear the soil along the vertical and 
horizontal edges of the vane. 
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3.8.10 Methods of summarizing distributions 
Sediments consist of many particles differing in size and fall 
velocity and differing somewhat in shape, and specific gravity. In 
general the size distribution of the sediment is determined by per-
forming one or more of the size analysis techniques (described earlier) 
on a representative sample. The results of these analyses yield either 
a cumulative frequency (as in the visual accumulation tube analysis) or 
a size-class frequency (as in the Pebble cotmt and sieving methods). 
The size distribution is then reported in terms of one or more statis-
tical parameters. 
3.8.11 Frequency curves 
A histogram is a graphical representation of the nwnber, weight, or 
volume percentage of items in given class intervals. An example of 
a histogram is shown in Fig. 3 .8.l a . The abscissa scale represents the 
class intervals, usually in geometric progression, and the ordinate scale 
represents either actual concentration or percent (by number, volume, or 
weight) of the total sample contained in each class interval . If the 
class intervals are small, the shape of the histogram will approach a 
continuous curve. The successive sizes employed in the size analysis 
of sediment are usually in ratios of 2 or If. 
When the ordinates of successive classes are added and plotted 
against the upper limit of the size class, the cumulative distribution 
diagram is obtained (see Fig. 3.8.lb). In this diagram, the abscissa 
scale (usually logarithmic) represents the intervals of the size scale 
and the ordinate scale is the cumulative percent of the sample up to 
(or percent finer than) the size in question. 
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3.8.12 Quartile and moment measures 
• In a size frequency distribution curve, it is possible to choose 
certain particle sizes as representing significant values, such as 
particles just larger than one-fourth of the distribution (the first 
quartile), and particles just larger than three-fourths of the distribution 
(the third quartile). Measures of spread are based on differences or 
ratios between the two quartiles. Quartile measures are confined to the 
central half of the frequency distribution and the values obtained are 
not influenced by larger or smaller sizes. Quartile measures are very 
readily computed, and most of the data may be obtained directly from the 
cumulati ve cur ve by graphic means. 
In contrast to quartile measures, moment measures are influenced 
by each individual size class in the distribution. The 6-U!.,6t moment 
on a 6Jr.equency CMVe is its center of gravity and ,u., ca.te.ed the 
a..l!,{;lhmetic mean and ,u., the ave.tta.ge J.iize 06 the J.ied).,ment. The J.iecond 
moment is measure of the average spread of the curve and ,u., expJr.eJ.iJ.ied 
M :the J.itandMd dev,la,uon ofi ;the db.irubution. 
Commonly the size distribution of natural sediments plot as a 
straight line on log probability paper. If this is true, then a natural 
sediment is completely described by the median diameter (the size of 
sediment of which 50% is finer) and the slope of the cumulative fre-
quency line on log probability paper. The slope of this line is 
proportional to the spread of the size distribution in a sediment sample. 
It is computed with the expression 
G = !. [dso + 
2 d16 
Where G = gradation coefficient 
3.8.1 
d = the sediment diameter particle of which x percent of sample 
x is finer. 
3.9 .0 BEGINNING OF MOTION 
3.9.1 Introduction 
Beginn,i_ng and ce.Ming o 6 J.i ed,i_ment motion b.i o 6 gJr.ea:t ,i_mpoJt.:ta.nce in 
fuee Me.M 06 appUcatfon: (1 l deJ.iign 06 J.itable channw, ( 2 l bed load 
.tltaJtl> poJr.t e,q ua.tio nh I 3 ) deli .lg n a 6 Jr,).,pJta,p • 
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Beginning of motion can be related to either the shear stress on the 
grains or the fluid velocity in the vicinity of the grains. When the 
grains are at the beginning of motion, these values are called the critical 
stress and critical velocity. The choice of shear stress or velocity 
depends on which one is easier to determine in the field, the precision 
with whi ch the critical value is known for the particle size, and the type 
of problem. In sediment transport, most equations use critical shear. 
In stable channel design either critical shear or critical velocity is 
used whereas in the design of riprap critical velocity is commonly used. 
It is not sufficient to determine the average value of the critical 
shear or critical velocity because both quan ities are fluctuating. For 
t he same mean values they may have larger values that act for a sufficiently 
long time to cause a particle to move. In addition to the forces on 
particle resulting from the water below, waves and seepage into or out of 
the bed or banks affect the beginning of motion conditions. 
3.9. 2 Theory of beginning of motion 
The forces acting on an individual grain on the bed of an alluvial 
channel are: 
(1) The body force Fg due to the gravitational field. 
(2) The external forces Fn acting at the points of contact 
between the grain and its neighboring grains. 
(3) The fluid force Ff acting on the surface of the grain. The 
fluid force varies with the velocity field and with the 
properties of the fluid. 
The relative magnitude of these forces determine whether the grain moves 
or not. 
For the individual grain, the body force is 
where ps is the density of the grain, K2 is a coefficient and 
the grain diameter. The term K2d
3 is the volume of the grain. 
3.9.1 
d is 
For convenience, the fluid forces acting on the grain are divided 
into three components. The components are: 
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(1) The form drag component Fd given by the expression 




(3) The hydrostatic pressure component Fh is given by the expression 
3.9.4 
c0 = coefficient of drag 
K1 = a coefficient associated with the area of the grain subjected to drag and shear. 
d = the diameter of the grain 
v = the velocity in the vicinity of the grain 
C = coefficient of shear 
s 
, = the average viscous shear stress 
The term K1d
2 represents the cross-sectional area of the grain. 
The external forces F n depend on the values of the fluid and 
body forces. Under conditions of no flow, the fluid force is 
There is no form or viscous drag. Then the external force is 
F = F Fh n g 
or 
F 3 3.9.5 = (ps-p)gK2d n 
That is, the external force is equal to the submerged weight of the grain. 
The form drag can be rewritten in terms of the shear velocity. For 
turbulent flow, the local velocity v is directly proportional to V* 
according to Eq. 2.3.15. Then, Eq. 3.9.2 reduces to 
III-38 
3.9.6 
The viscous drag is also related to the shear velocity but it is 
the shear velocity for laminar flow. For laminar flow 
dv 
T = µ dy 
Again, by replacing v with V* and y with d, we can write 




Now, consider the ratio of the form drag force Fd to the viscous 




F "' v 
V 
3.9.10 
When the flow over the grain is turbulent, the form drag is predominant 
and the term dV*/v is large. When the flow over the grain is laminar 
the viscous shear force is predominant and the term dV*/v is small. 
Thus, the Reynolds' number for particle dV*/v is an indicator of the 
characteristic of the flow in the vicinity of the grain. 
As both the form drag and viscous shear are proportional to the shear 
velocity the ratio of the forces tending to move the grain to the forces 
resisting movement is 
iv 2 p * 
3 = 







(Recall that v* 2 = T/p). The ~e.i.a.:ti,on between T/(y -y)d and dV*/v 
s no~ the ~oncution 06 inupient motion ha1.i been de.tVtm,[ned exp~en.tate.y 
by Shie.£cl6 and otheJt.6. The ~e.i.a.:ti,on L6 given in Fig. 3.2.3. At conditions 
of incipient motion, the shear stress T is designated the critical shear 
stress T . 
C 
Figure 3.9.1 shows relationships between critical tractive force 
(critical shear stress) and mean diameter as determined and/or recommended 
by different investigators for different soil types. The difference be-
t ween investigators could possibly be due to the effects of cohesion, when 
present, causing the particles to aggregate and therefore not act neces-
s arily as individual particles. Chapter VI of this manual will provide 
more rational and better balanced design methods for cohesionless soils. 
Figure 3.9.2 shows relationships between maximum allowable velocity 
(ve locity against stone) and maximum size of riprap (stone size or 
equivalent diameter) as determined and/or recommended by different investi-
gators for different applications. The difference could possibly be due 
to the lack of reflecting all the significant parameters. They obviously 
are attempting to describe all these parameters by a single index, velocity. 
However, Chapter VI of this manual will provide a better analysis and 
design for riprap. 
3.9.3 Relation between shear stress and velocity 
Measuring the average bottom shear stress directly in the field is 
tenuous. However, the average bottom shear stress can be computed for 
steady uniform flow from the expression 
T = yRS 
0 
3.9.12 
The average shear stress on the bed can also be estimated by 
employing the velocity profile equations in Chapter II. If the local 
velocity v1 at depth y1 is known then, from Eq. 2.3.15 
T = 
0 Y1 2 
[5. 75 log(30.2 r)J 
s 
3.9.13 
This equation and the ones given below are valid for fully turbulent 
uniform flow in wide channels with a plane bed. Alternatively, if two 
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If the depth of flow 








y , the grain size k and the average velocity 
0 S 
are known, then according to Eq. 2.3.16 
pV2 
T = ------------0 Yo 2 
[5.75 log(l2.27 k)] 
s 
3.9.15 
The preceding equations deal with average values of the shear stress 
or velocity. 
The instantaneous value of the shear stress or local velocity v 
may be as much as two or three times greater than the average value. 
The fact that :the. in6:tan,ta.ne.oU6 .6he.a.Jt .6.:tll.eJ.i.6 a;t :the. be.d would be varying 
greatly i.6 ac.c.01Ln.te.d 60ft in Shiei.d'.6 cUa.911.a.m (Fig. 3.2.3), i6 :the. c.hannei. 
i.6 pwma:tic. and all :the. :tuJtbu.le.nc.e. i.6 ge.nVULte.d a;t :the. c.hannei. bou.ndatty. 
(Shield's curve was determined from experimental tests.) However, if 
the turbulence is being generated in some other manner (by a hydraulic 
jump for example), then the best estimate of the average boundary 
shear stress is (from Eq. 2.3.8) 
, = - pv'v' 
0 X y 
3.9 .16 
As the Reynold's stress pv'v' is extremely difficult to obtain at 
X y 
the present time, there are few good estimates of the shear stress for 
flow conditions such as in hydraulic jumps or in regions of flow 
separation. In special cases such as flow around prismatic bends, the 
boundary shear stress has been obtained from model tests in laboratories. 
1 n addition :to :the. vei.owy oft .6 he.alt .6.:tll.e.M 6oftc.eJ.i, :the. «x.tve. 6oftc.eJ.i, 
and J.>e.e.page. 6oftc.e..6 mu..6:t be. c.on6ide.tte.d in de.:te.JUMning a cJUt.ic.a.1- .6he.a.Jt 
.6.:tll.e..66, cJUt.ic.al vei.owy oft l>ize. 06 .6:tone. :to fte..6i.6:t motion.. 
.. 
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3.10.0 SEDIMENT TRANSPORT 
In this section the basic terms and methods of computing sediment 
load in alluvial channels are described. 
3.10.1 Terminology 
Bed la.ye.Jt: The flow layer, several grain diameters thick (usually 
taken as two grain diameters thick), immediately above the bed. 
Bed load: Sediment that moves by rolling or sliding along the bed 
and is essentially in contact with the stream bed in the bed layer. 
Bed-load dwehMge: The quantity of bed load passing a cross 
section of a stream in a unit of time. 
Bed ma.te/Ua.l: The sediment mixture of which the stream bed is 
composed. 
Bed-ma.tw.al. dwehMge: That part of the total sediment discharge 
which is composed of grain sizes found in the bed. The bed-material 
discharge is assumed equal to the transport capability of the flow. 
Contac.:t load: Sediment particles that roll or slide along in 
almost continuous contact with the stream bed. 
Ver11,Uy 06 wa:te.Jt-.6e.cUment mi.x:tu1te: The mass per unit volume 
including both water and sediment. 
V-l6ehMge-wughed eoneen:tlta;ti_on: The dry weight of sediment in a 
unit volume of stream discharge, or the ratio of the discharge of dry 
weight of sediment to the discharge by weight of water sediment mixture 
normally reported in parts per million (ppm) or parts per liter (ppl). 
Load (o~ .6ecUment load): The sediment that is being moved by a 
stream. 
SecUment (o~ 6.tu.v,i,.a,l .6ecUmen-tl: Fragmentary material that originates 
from weathering of rocks and is transported by, suspended in, or deposited 
from water. 
SecUment eoneen:tlta;ti_on (by weight or by volume): The quantity of 
sediment relative to the quantity of transporting fluid, or fluid-
sediment mixture. The concentration may be by weight or by volume. 
When expressed in ppm, the concentrat1on is always in ratio by weight. 
SecUment dwehMge (or sediment load): The quantity of sediment 
that is carried past any cross section of a stream in a unit of time. 
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SecUment yield: The dry weight of sediment per unit volume 
of water-sediment mixture in place, or the ratio of the dry weight of 
sediment to the total weight of water-sediment mixture in a sample or 
a tmit volume of the mixture. 
Spa..:U.ai. concen:butt,[on: The dry weight of sediment per unit volume 
of water-sediment mixture in place, or the ratio of the dry weight of 
sediment to the total weight of water-sediment mixture in a sample or 
a unit volume of the mixture. 
SI.L6pended load (or suspended sediment): Sediment that is supported 
by t he upward components of turbulence in a stream and that stays in 
suspension f or an appreciable length of time. • 
SI.L6pende.d-.6 e.dunent fuchaJr.ge (or suspended load): The quantity of 
suspended sediment passing through a stream cross section outside the 
bed layer in a unit of time. 
To.ta.l .6e.dune.n:t fuchaJl.ge: The total sediment discharge of a stream. 
It is the sum of the suspended-sediment discharge and the bed-load discharge, 
or the sum of the bed-material discharge and the wash-load discharge or 
the sum of the measured suspended sediment discharge and the tmmeasured 
sediment discharge. 
Un.meMWted .6edunen:t fuchaJl.ge: Sediment discharge close to the bed 
that is not sampled by a suspended-load sampler. 
WMh-load: That part of the total sediment discharge which is 
composed of particle sizes finer than those found in appreciable 
quantities in the bed material is determined by available bank and 
upslope supply rate. 
3.10.2 General considerations 
The amount of material transported or deposited in the stream 
under a given set of conditions is the result of the interaction of two 
groups of variables. In the first group are those vaJuable.6 which 
inM,u.ence .the quantity and qua.U.ty 06 .the .6edunent bJc..ou.gh.t down .to .that 
.6ection 06 .the .6tlte.a.m. In the second group are vMiable.6 which in6lu.ence 
.the capacity 06 .the 1.>tlte.a.m .to tltan1.>p0Jc...t .that 1.>edunent. A list of these 
variables is given below. 
Group 1 - Sediment brought down to the stream depends on the 
geology and topography of watershed; magnitude, intensity, duration, 
distribution, and season of rainfall; soil condition; vegetal cover; 
cultivation and grazing; surface erosion and bank cutting. 
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Group 2 - Capacity of stream to transport sediment depends on 
hydraulic properties of the stream channel. These are fluid properties, 
slope, roughness, hydraulic radius, discharge, velocity, velocity 
distribution, turbulence, tractive force, viscosity and density of the 
fluid sediment mixture, and size and gradation of the sediment. 
These variables are not all independent and, in some cases, their 
effect is not definitely known. The variables which control the amount 
of sediment brought down to the stream are subject to so much variation, 
not only between streams but at a given point of a single stream, that 
the analysis of any particular case in a quantitative way is extremely 
difficult . It is practicable to measure the sediment discharge over a 
long period of time and record the results, and from these records to 
determine a soil loss from the area. 
The variables which deal with the capacity of the stream to trans-
port solids are subject to mathematical analysis. These variables are 
closely related to the hydraulic variables controlling the capacity 
of the streams to carry water. 
3.10.3 Source of sediment transport 
Einstein (1964) stated that: 
"Every sediment particle which passes a particular cross section 
of the stream must satisfy the following two conditions: (1) It 
must have been eroded somewhere in the watershed above the cross 
section; (2) it must be transported by the flow from the place 
of erosion to the cross section. 
Each of these two conditions may limit the sediment rate at the 
cross section, depending on the relative magnitude of two controls: 
the availability of the material in the watershed and the trans-
porting ability of the stream. In most streams the finer part of 
the load, i.e., the part which the flow can easily carry in large 
quantities, is limited by its availability in the watershed. This 
part of the load is designated as wa1ih load. The coarser part of 
the load, i.e., the part which is more difficult to move by flowing 
water, is limited in its rate by the transporting ability of the 
flow between the source and the section. This part of the load 
is designated as bed-ma.tvual load." 
Thus, for engineering purposes there are :two .60UII..C.e6 06 .the. .6e.clune.n.t 
transported by a stream: (1) the bed material that makes up .the. .6.tlt.e.a.m 
be.d, and (2) the fine material that comes from .the. banfui and .the. wa..teJt-
.6he.d (wash load). Geologically both materials come from the watershed. 
But for the engineer, the distinction is important because the bed 
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material is transported at the capacity of the stream and is functionally 
related to measurable hydraulic variables. The wash load is not 
transported at the capacity of the stream. Instead the wash load depends 
on the availability and is not functionally related to measurable hydraulic 
variables. 
There is no sharp demarcation between wash load discharge and bed-
material discharge. As a rule of thumb, many engineers assume that the 
bed-material load is composed of sizes equal to or greater than 0.062 mm 
which is also the division point between sand and silt. The sediment 
di s charge consisting of grain sizes smaller than 0.062 mm is considered 
the wash load. A more reasonable criterion, although not necessarily 
theoretically correct, is to choose a sediment size finer than 
the smallest 10 percent of the bed material as the dividing size between 
wash load and bed-material load. It is important to note that in a fast 
flowing mountain stream with a bed of cobbles that the wash load may 
consist of coarse sand sizes. 
3.10.4 Mode of sediment transport 
Secument pall,Ucle.J.> Me :tlu1n1>p0Jtte.d by Mlling oJt ~Uding on the. 
be.d (bed load or contact load) oJt by ~U6pe.n1>ion by the. tulr..bu.le.n~e. 06 
the. ~t!te.am. Even as there is no sharp demarcation between bed-material 
discharge and wash load there is no sharp line between contact load 
and suspended sediment load. A particle may move part of the time in 
contact with the bed and at other times be suspended by the flow. The 
distinction is important because the two modes of transport follow 
different laws. The equations for estimating the total bed-material 
discharge of a stream are based on these laws. 
3.10.5 Total sediment discharge 
The total sediment discharge of a stream is the sum of the bed 
material discharge and the fine material (wash load) discharge, or the 
sum of the contact load and suspended sediment load. In the former sum 
the total sediment discharge is based on source of the sediments and the 
latter sum is based on the mode of sediment transport. Whereas suspended 
sediment load consists of both bed material and fine material (wash 
load), only the bed-material discharge can be estimated by the various 
equations that have been developed. The fine material discharge (wash 
load) depends on its availability not on the transporting capacity of the 
flow and must be measured. 
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The sediment discharge that is measured by suspended sediment 
samplers consists of both the wash load (fine material load) and sus-
pended sediment load. The contact load is not measured and because 
samplers cannot travel the total distance in the vertical to the bed, 
part of the suspended sediment in a vertical is not measured. Generally, 
the amount of bed material moving in contact with the bed of a large 
deep sandbed, deep river is from 5 to 10 percent of the bed material 
moving in suspension. And in general the measured suspended sediment 
di scharge is from 90 to 95 percent of the total sediment discharge. 
However, the shallow sandbed streams with little or no wash load the 
measured suspended sediment load may be as small as 50 percent of the 
tot al load. 
The magnitude of the suspended or bed-load sediment discharge 
cnn be very l arge . Suspended sediment concentrations as large as 
600,000 ppm or 60 percent by weight have been observed. Concentrations 
of this magnitude are largely fine-material load. By changing fluid 
properties (viscosity and density) the fine material in the flow increases 
the capacity of the flow to transport bed material. The concentration 
and sediment loads of some streams in the United States and the world 
are given in Table 3.10.1. 
The sediment discharge of a stream at a cross section or through a 
re ach of a stream can be determined by measuring the suspended sediment 
portion of the load using samplers and estimating the unmeasured 
discharge or by using one of the many methods that have been developed 
for computing the bed material discharge and estimating the wash load. 
In many problems only the bed material load both in suspension and in 
contact with the bed is important. In these cases the wash load can be 
el i minated from the measured suspended sediment load if the size distri-
bution of the material is known. 
There have been many equations developed for the estimation of bed 
material transport. The variation in the magnitude of the bed-material 
discharge that these equations predict is tremendous. For the same 
dis charge, the predicted discharge can have a 100 fold difference between 
the smallest and the largest value. This should not be unexpected given 
t he number of variables, the interrelationship between them, the difficulty 





















Tab l e 3.10.1 Sediment t ransport in lar ge r ivers of the wor l d 
[adapted from Shen (1971)] 
Drainage Average annual susEended load 
Basin Million To'!'ls per 
Country sq. mi. Tons sq. mi. 
China 260,000 2,080 7,540 
India 369,000 1,600 4,000 
Bangladesh 257,000 800 3,700 
China 750,000 550 1,400 
Pakistan 374,000 480 1,300 
China 22,000 450 20,500 
Brazil 2,230,000 400 170 
U.S.A. 1,244,000 344 280 
Burma 166,000 330 2 , 340 
U.S.A. 529,000 240 450 
China 10,000 210 20,200 
India 24,000 190 7,980 
Thailand 307,000 187 1,240 
U.S.A. 246,000 149 1,080 
North Viet Nam 46,000 143 3,090 
Egypt 1,150,000 122 100 
Average 





















material transport. Nevertheless, with proper use, knowledge of the river, 
and knowledge of the limitations of each method, useful bed material 
discharge information can be obtained. 
In the next sections :thll.e.e. me.:thod6 on v...tuniling be.d ma;t.vu.a,,e. d.w-
c.haJtge. aJte dv..CJUbe.d. Thv..e. aJte. Me.yeJt-Pe.:teJt Mull.eJt'J.i, UnJ.i:tun'J.i and 
Colby'J.i. Then the basic suspended sediment equation is developed. The 
Meyer-Peter Muller equation is applicable to streams with 1i ttle or no 
suspended-sediment discharge and is thus used extensively for gravel 
and cobble bed streams. The other two methods, based to some degree on 
Einstein's work are used for sandbed streams. Their use depends on the 
amount of information available. Methods for measuring suspended sedi-
ment discharge are not described. For information on these methods, 
the reader is referred to the publications by Guy (1969). 
3.10.6 Suspended bed-material discharge 
The suspended bed-material discharge in lbs per second per unit 
width of channel q , for steady, uniform two-dimensional flow is 
s 
Yo 
q = y f V C dy 
s a 
3.10.1 
where v and c vary with y and are the time-averaged flow velocity 
and concentrations, respectively. The integration is taken over the 
depth between a level "a" above the bed and the surface of the flow "y 
0
". 
The level "a" is assumed to be 2 grain diameters above the bed layer. 
Sediment movement below this level is considered bed-load rather than 
suspended load. 
The discharge of suspended sediment for the entire stream cross 
section, Q, is obtained by integrating Eq. 3.10.1 over the cross 
s 
section to give 
Q = yQC 
s 
where C is the average suspended sediment concentration. Both 
Eqs . 3. 10.1 and 3.10.2 are exact. 
3.10. 2 
The vertical distribution of both the velocity and the concentration 
vary with the mean velocity of the flow, bed roughness, and size of bed 
material. The distributions are illustrated in Fig. 3.10 .1. Also v 
III-49 
and c are interrelated. That is, the velocity and turbulence at a 
point is affected by the sediment at the point and the sediment concen-
tration at the point is affected by the point velocity. Normally this 
interrelation is neglected or a coefficient applied to compensate for it. 
Fig. 3.10.1 Schematic sediment and velocity profiles 
To integrate Eq. 3.10.1, v and c must be expressed as functions of 
y . The. one.-cume.n,6,<-0nal. gJta.cu.e.n.:t .type. cUfifiUJ.i,.fon e.qua...tion -U:i e.mpfoye.d .to 
ob.ta.in .the vvz;ti_ca.f fububu.;tfon fioJt c a.nd .the. fogcvcdhm ve.fowy 
fu.tJubu.,l,ton can be. M~wne.d fioJt v. 
The one-dimensional diffusion equation is obtained from the equili-
brium condition that the quantity of sediment settling across a unit 
area due to the force of gravity is equal to the quantity of sediment 
transported upwards resulting from the vertical component of turbulence 
and the concentration gradient. The resulting equation for a given 












W C 3.10.3 
= the fall velocity of the sediment particle at a point 
= the concentration of particles 
= an exchange coefficient which characterizes the magnitude 
of the exchange of particle across any arbitrary boundary 
by the turbulence. It is called the mass transfer coefficient 
= the concentration gradient 
= the average rate of settling of the sediment particles 
cty = the average rate of upwards sediment flow by diffusion 
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Integrating Eq. 3.10.3 yields 
c = c exp{-w Jy0 ~} 
a e: 3.10.4 a s 
where c is a concentration of sediment with settling velocity w at 
a 
the level y = a in the flow. 
In order to determine the value of c at a given y, the value 
Of C 
a 
and the variation of e: with y must be known. 
s 
To obtain an 
expression for e: the assumption is made that 
s 





is the kinematic eddy viscosity or the momentum exchange 
coefficient defined by 
dv 
T = pe: -d m y 
where T and dv/dy are the shear stress and velocity gradient 
respectively at point y. 
For two-dimensional steady uniform flow 
y 
T = y S (y - y) = T (1 - -) 
o o Yo 







= 13 K v. y (1 - L) 
yo 






K = the von Karman's velocity coefficient taken as equal to 0.4 
V* = the shear velocity equal to ✓gRS in steady uniform flow. 
Equation 3.10.9 indicates that e: and e: are zero at the bed and m s 
at the water surface, and have a maximum value at mid-depth. 
The substitution of Eq. 3.10.9 into Eq. 3.10.3 gives 
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dy 
y(l - L) 
Yo 






y -y z o a 
[-y- y -a] 
0 
c = the concentration at a distance y from the bed 
c = the concentration at a point a above the bed a 
3 .10. 10 
3.10.11 
z = w 8\' the Rouse number named after Rouse who developed the 
K * equation in 1937. 
Fi gure 3.10.2 shows a family of curves obtained by plotting 
Eq . 3.10.11 for different va lues of the Rouse number Z. It i s seen that 
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Relative Concentration C/C 
a 
.9 1.0 
Fig. 3.10.2 Graph of suspended sediment distribution 
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For large Z values, little sediment is fotmd at the water surface. 
The value of Z is small for large shear velocities V* or small fall 
ve locities w and large for small V* and large w. Thus, for small 
particles or for extremely turbulent flows, the concentration profiles 
are uni form. 
The values of e and K have been investigated. For fine 
particles e ~ 1. Also, it is well known that in sediment-laden water 
K 1 0.4 but decreases with increasing sediment concentration. 
Using the logarithmic velocity distribution for steady uniform 
f l ow and Eq. 3.10.11 the equation for suspended sediment transport 
becomes 
/
Yo a yo-y Z ~ 
qs = yV* C [-- • -y-] [2.5 ln(30.2 k )] dy a y -a a o s 
3.10.12 
Thi s equation has been integrated by many investigators and the assump-
t i ons and integration made by Einstein are presented later. 
3. 10 . 7 Meyer-Peter and Muller Equation 
Meyer-Pet er and Muller (1948) developed the following equation based 
on experiments with sand particles of uniform sizes, sand particles of 
mixed sizes, natural gravel, lignite, and baryta: 
Qb \ 3 / 2 1 / 3 y - y 2 / 3 2 / 3 
(-Q )(-K ) yy S = B' (y - y)D + B(L) ( s ) q




is the bed-load rate in weight per tmit time and per unit 
width, Qb is water discharge quantity determining bed load transport, 
Q is total water discharge, y
0 
is the depth of flow, S is the energy 
s lope and B' and B are dimensionless constants. B' has the value 
0. 047 for sediment transport and 0.034 for the case of no sediment 
transport. B has a value of 0.25 for sediment transport and is meaning-
less for no transport since q
8 
is zero and the last term drops out. 






where S is the part of the total slope, S, required to overcome the 
I 
grain resistance and S-S is that part of the total slope required 
to overcome form resistance. Therefore 
3.10.16 
I 
where fb is the Darcy-Weisbach bed friction factor for the grain 
r oughness. If the boundary is hydraulically rough (V*d90/v ::_ 100), 









1/3 in which 090 is in meters and Kr is in m sec. 
is the effective diameter of the sediment given by 
I 





. p. D. 
l. l. 
100 3.10.18 
where P. is the percentage by weight of that fraction of the bed 
l. 
material with geometric mean size, D .. 
l. 
Equation 3.10.13 is dimensionally homogeneous so that any consistent 
set of units may be used. 
Equation 3.10.13 has been converted to tmits generally used in the 
United States in the field of sedimentation for water and quartz particles 













S - 0.627 Dm] 3.10.19 
is in tons per day per foot width, Qb is the water discharge 
quantity determining the bed-load transport in cfs, Q is the total 
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water discharge quantity in cfs, 090 
quantity I\ is given by 




for rectangular channels and 
3.10.21 
fo r trapezoida l channels, where, n, I\• and nw are roughness coefficients 
of the total stream, of the bed, and of the banks, respectively; and H 
is the horizontal side slope related to one tmit vertically. The quantity 






for rectangular channels and 
1 
2y (1 + H2)1/2 
0 1 + ___ w ___ _ 







The Meyer-Peter and Muller formula (Eq. 3.10.12) is often written 












B' (y -y)D s m 
3.10.8 Einstein's bed load function 
EiMtun'.6 (1950) method ootr.. detvrm,iJu.ng total be.d-ma.tvuai. fuc.ha.tr..ge. 
,u., to f.>wn up the. c.ontac.t loa.d a.n.d the. .6U-6pe.nde.d loa.d. As mentioned 
earl ier, there is no sharp demarcation between the contact bed material 
load and the suspended bed material load. However the division is 
warrant ed by the fact that there is a difference in behavior of the two 
different loads which requires two physical models. 
Unf.>tun '.6 be.d-ma.telli..a,t fu c.ha.tr..ge. 6un.c.tion g,i.vu the. tr..a:te. at which 
flow of any magnitude in a given channel transports the ,i.nd,i.v,i.dua.l 
-6 eclime.nt -6,tZe.f.> whlc.h ma.k.e. up the. be.d ma.:tvua..t. This makes his equations 
extremely valuable in many studies because one can determine the change 
in bed material with time that occurs because each size moves at its 
own rate. For each size d of the bed material the contact load is 
given as 
3.10.25 
and the suspended sediment load is given by 
i q s s 3.10.26 
and the total bed material discharge is 
3.10.27 
3.10.28 
where iT, is' and i 8 are the fraction of the total, suspended and 
contact loads qT' qs and q8 for a given grain size d. The term 
QT is the total bed-material transport. The suspended sediment total 
is related to the contact load because there is a continuous exchange 
of particles between the two modes of transport. 
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the unit weight of sediment 
the density of the water 
the density of the sediment 
gravitational acceleration 
f(~*) given in Fig. 3.10.3 
~* = ~y c: / 1P 
X 
PS - p d 
1P = ~s p 
a correction factor given as a ftmction 
Fig. 3.10.4. 
0. 776 if ~> 0 I 1.8 
1. 390 I if I:::. -p-< 1.8 
6 = the apparent roughness of the bed, k /x 
s 
3.10. 30 
3 .10. 31 
3.10.32 
of d/X in 
3.10.33 
x = a correction factor in the logarithmic velocity distribution 
equation and is given as a ftmction of k /o' in Fig. 2.3.5 
s 





Einstein's velocity distribution equation 
5.75 log (30.2 t) = 





~ = the hydraulic radius of the bed due to grain roughness, 
= ¾ - '); 
s = the slope of the energy grade line normally taken as the 
slope of the water surface. 
y = another correction term given as a function of d65 /o' in Fig. 3.10.5 
B = log 10.6 
B = log (10.6 X/11) 
X 
The preceding equations are used to compute the fraction i
8 
of 
the l oad. 1he other terms in Eq. 3.10.29 are 
Yo 
PE= 2.3 log 30.2 6 3.10.36 
I 1 and r 2 are integrals of Einstein's form of the suspended 
sediment Eq. 3.10.11 
1 








































Fig. 3.10.4 Hiding factor, (Einstein) 
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d65 
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Fig. 3.10.5 Pressure correction, (Einstein, 1950) 
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w 
Z = .4V! 
w = the fall velocity of the particle of size d. 
E = the ratio of bed layer thickness to flow depth, a/y 
0 
y = depth of flow 
0 
a = the thickness of the bed layer, 2d 
3 .10. 39 
The two integrals I 1 and I2 are given in Figs. 3.10.6 and 
3.10. 7 as a function of Z and E. 
In the preceding calculations for the total load the shear velocity 
i s based on the hydraulic radius for the bed,~· Its computation is 
explained in the following paragraph. 
Total r esis tance to flow is composed of two parts, surface drag 
and form drag. The transmission of shear to the boundary is accompanied 
by a transformation of flow energy into energy turbulence. The part 
of energy corresponding to grain roughness is transformed into tur-
bulence which stays at least for a short time in the immediate 
vi cinity of the grains and has a great effect on the bed load motion; 
whereas, the other part of the energy which corresponds to the form 
resistance is transformed into turbulence at the interface between wake 
and free stream flow, or at a considerable distance away from the 
grains. This energy does not contribute to the bed load motion of 
the particles and may be largely neglected in the sediment transporta-
tion. 
Einstein's equation for mean flow velocity V in terms of V! is 
V ~ yr-= 5. 75 log (12.27 6 ) 
* 
or 3.10.40 
V ~ v,- = 5. 75 log (12.27 k x) 
* s 
Furthermore Einstein suggested that 
V 
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Fig. 3.10.6 Integral 11 in terms of E and Z, (Einstein, 1950) 
II I-61 




The relation for Eq. 3.10.42 is given in Fig. 3.10.8. 
The procedure to follow in computing ~ depends on the information 
available. If mean velocity V, slope S, cross sectional dimensions 
\, and bed material size are known then ~ is computed by trial and 


























Fig. 3.10.8 V/V~ vs. lj, 1 (Einstein, 1950) 
The procedure for computing total bed material load, in terms of 
different si ze fracti ons of the bed material is: 
(1) Calculate lj,* using Eq. 3.10.31 for each size fraction. 




Sum up the 
for each size fraction using Eq. 3.10.30. 
across the flow to obtain i 8Qb. 
(5) Sum up the size fractions to obtain ~-
Suspended sediment load: 
(6) Calculate z for each size fraction using Eq. 3.10.39. 
(7) Calculate E = 2d/y for each fraction. 
0 
(8) Determine r1 and 12 for each fraction from rig. 3.10.6 and 3.10. 7. 












(10) Compute the suspended load from iBqB (PEil + 12). 
(11) Sum up all the qB and all the iB to obtain the total 
suspended load Qss 
Total bed material discharge 
(12) Add the results of Step 5 and 11. 
3.10.9 Application of transport functions to field channels 
In applying the Einstein procedure (1950) to a particular water 
course, three steps should be carried out. The first step involves 
t he choice of a river reach and the collection of the field data. The 
second step is to determine hydraulic parameters. The third step is 
th e calculati on of the tot a l bed-material discharge. 
3.10 . 10 De s cription of the test reach 
A test reach, representative of the Big Sand Creek near Greenwood, 
Mississippi, was used by Einstein (1950) as an illustrative example for 
applying his bed-load function. His example is reproduced here. For 
s imp licity, the effects due to bank friction are neglected. The reader 
can refer to the original example for the construction of the representa-
tive cross section. The characteristics of this cross section are as 
follows. 
The channel slope was determined as S = 0.00105. The relation 
between cross-sectional area, hydraulic radius, and wetted perimeter 
of the representative cross section and stage are given in Fig. 3.10.9. 




4 8 0 
Hydraulic ~) 
radius, ft 
2 4 6 
Perimeter of the bed 
ft X 10-2 
Area 
0 10 20 
(c) Average Area, ft x 10-2 
Fig. 3.10.9 Description of the average cross section (Einstein, 1950) 
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assumed to equal the surface width. The averaged values of the four 
bed-material samples are given in Table 3.10.2. Ninety-six percent 
of the bed material is between 0.589 and 0.147 mm, which is divided 
into four size fractions. The sediment transport calculations are 
made for individual size fraction which has the representative grain 
size equal to the geometric mean grain diameter of each fraction. 
The water viscosity is v = 1.0 x 10-5 sq ft/sec, and the specific 
gravity of the sediment is 2.65. 
The calculation of important hydraulic parameters is performed 
in Table 3.10.3. The table heading, its meaning, and calculation are 
explained with footnotes. 
Table 3. 10.2 Bed material information for sample problem. 
Grain size Average grain size Settling velocity 
distribution, mm mm ft % mm/sec fps 
d > 0 .589 2.4 
0.589 > d > 0.417 0.495 0.00162 17.8 5.20 0.205 
0. 417 > d > 0.295 0. 351 0.00115 40.2 3. 75 0.148 
0.295 > d > 0.208 0.248 0.00081 32.0 2. 70 0 .106 
0.208 > d > 0 .147 0 .175 0.00058 5.8 1. 70 0.067 
0 .14 7 > d 1.8 
d35 = 0.29 mm = 0.00094 ft 
d65 = 0. 35 mm = 0 .00115 ft 
3.10.11 Bed-material discharge calculations 
The bed-material transport is calculated for each grain fraction of 
the bed material at each given flow depth. It is convenient to summarize 
the calculations in the form of tables. The procedure is given in 
Table 3.10.4. 
3.10.12 Colby's method of estimating total bed material discharge 
After investigating the effect of all the pertinent variables, 
Colby (1964) developed four graphical relations shown in Figs. 3.10.10 
and 3.10.11 for determining the bed-material discharge. In arriving 
at his curves, Colby utU> guided by the Eiri6tun bed-load 6unc;lton 
(Einstein, 1950) and a lalr.ge amount 06 cf.a.ta. 6Mm .6btea.m6 and 6.lume.6. 
However, it should be understood that all curves for 100 ft depth, most 
curves of 10 ft depth and part of the curves of 1.0 ft and 0.1 ft are 
not based on data but are extrapolated from limited datn and theory. 
Table 3.10.3 Hydraulic calculations for sample prob lem in app l ying th e 
Einstein procedure (after Einstein, 1950) 
Ri, u.' 
0.5 0 .1 29 
1.0 0 . 184 
2.0 0 .259 
3 . 0 0.318 
4 . 0 0 .368 














3 . 50 
3.84 





























16.8 0. 17 
27.0 0.16 
51. 0 0.13 
87.0 0.10 
150 .0 0.07 
240.0 0.05 
370 .0 0.03 
1See the following for explanation of symbo l s, column by column: 










✓g llii s 
thickness of the laminar s ublayer, ft 
11. 62v/U! 
roughness diameter, ft 
d65 
x = correction factor i n the logarithmi~ veloci t y 
di s tribution, given in Fig. 2.3.S 
6 apparent roughness diamet er, f t 
"'/x s 
(7J V average flow velocity, fps 
5. 75U! log(l2 .27 !tii/6J 
(SJ •• intensity of shear on r epr esentat ive parti c l es 
ps-p d65 
p Rj,S 
(9J V/ U~' = ,·elocity ratio, given in Fi g. 3.10.8 
( 1 OJ U~ 
( 11 J R" b 
shear velocity due to form roughness , fps 
bed h,·drau lic radius due t o form roughness, ft 










l . 36 I. 36 
1. 76 1. 76 
2.50 2 . 50 
3 . 30 3.30 
4. 14 4 . 14 
5.07 5.07 
6. 03 6 .03 



























9 ,6 20 
16,550 
30,220 




0 . 00069 







0 . 56 























R, the t ota l hydrau li c r adiu s if there i s no additional 









average flow depth, ft 
R for wide, shallow s treams 
z = stage, ft, given i n Fig. 3. 10.9a 
A cross-sectional area, ft 2 given in Fig . 3.10.9c 
Pb bed wetted perimeter, ft, given in Fig. 3.10.9b 
Q flow discharge 
AV 
(18 J X characte ristic distance, ft 
0. 776 for 6/6 ' > I.SO 






(21 J B 
pressure cor rection t erm, given in Fig. 3 . 10.5 
coefficient 
l og( ! 0.6X/6J 
coefficient 
log W. 6 
Einstein ' s t ranspor t parameter 






11 . 30 
11. so 
11 . 70 
11. 90 






applying the Einstein procedure 1 instein, 1950) 
• 
J Hi, ~ d/ X ~ 11, , .. iBqB i B B ~i~QR IO 'l. : 1 - I 2 I' 1 -ti • l I f41 iT<l,- ti.Ts;! ·s I. ! :! 
ll ' (2) ( 3 ) 14 ) (S l (6 ) ( 7 ) (8 l (9 ) (10 1 : 11 ) o : ) 113 I 11 4 (15 ' I 16/ II 7 l 118 ) ll9) 
. OOlt>: . 1- 0.5 5. 08 1. 23 1.08 2.90 l. 90 0. 02 67 119 400 2 . 38 3.'8 o. c··s 0. -1-l I . J 2 r .C380 168 67 0 
I. 0 2 . 54 l. 74 1.00 l. 7 3 4. 00 0.056 1 330 1,335 l. 84 2 . bS 0 .1 31 0. 74 l. 7 I Ll .0958 56 1 3 , 938 
2.0 l. 27 2 . 35 1.00 0 . 90 8.20 0 . 115 645 3, 77 1 1. 30 1. 88 0 . 24 0 l. 27 : . 44 0.28 1 z,oso 30,500 
3 . 0 0 . 85 2. 16 1.00 0.60 12 .8 0 . 180 1,51 0 6 ,496 2.98 I. 53 0.385 2. 0 1 3. 44 0.6 17 5, 170 113,000 
4 .0 0.63 2.05 1.00 0 . 43 18.0 0.253 2 ,560 10 , 745 0. 78 1.33 0. 560 2. so 4 . 75 I. 20 12 , 100 324,000 
5.0 0. 51 2.03 1.00 0. 25 22.5 0 . 316 3,950 16,333 0. 63 1.18 0 . 81 0 3 . 85 6 .78 2 . 13 26,500 800,000 
6.0 0.42 I. 98 1.00 0. 29 27. 0 0.380 6 ,530 27 ,1 42 0. 54 1.08 1.09 4 . 90 9. 20 3 .48 59,800 1,940,000 
. c10 115 . 102 0 . 5 3. 38 0.82 I. 36 2. 44 2.45 0 . 0471 210 1.69 2.88 0 . 11 7 0 . 68 1.60 0 . 0754 335 
1.0 l. 69 l. 16 1.1 0 l. 27 5.50 0 . 106 62 3 l. 31 2 . 02 0.210 l. 19 2 . 14 0 . 227 1, 330 
2 . 0 0 . 85 l. 57 1.01 0.61 12.6 0. 242 I, 780 0 . 92 I. 44 0. 450 2 . 33 3 . 76 0. 910 6,660 
3.0 0 . 56 l. 44 1.04 0.41 19. 0 0 . 364 3,050 0 .70 1.1 7 0.830 3 .85 6. 73 2 .44 20 ,400 
4 . 0 0. 42 I. 37 I.OS 0.30 26 . 0 0 . 500 5 ,0 50 0. 56 1.01 I. 37 5. 70 11. 3 5 . 65 57,100 
5.0 0 . 34 l. 35 1.05 0. 25 31. 5 0.604 7,540 0 . 45 0.90 2 . 12 8. 10 17 . 2 10 .4 129,000 
6 . 0 0.28 I. 32 1.05 0.20 39.0 0.749 12 ,900 0 . 38 0 . 83 2. 95 10.5 26.0 19 . 6 335,000 
. 00081 . 320 0 . 5 2 . 54 0 . 61 2.25 3. 03 l. 75 0.0155 69.0 l. 19 l. 94 0. 230 I. 29 2 .23 0 . 0345 153 
1.0 l. 27 0 . 87 l. 26 1.09 6 .80 0 .0600 353 0 . 92 l. 36 0.520 2 . 60 4 .16 0 . 250 1,460 
2 . 0 0 . 63 l. 17 1.1 0 0. 49 15 .8 0 . 139 1,020 0. 65 0 . 97 1. 53 6 .10 12. 2 1. 70 12,500 
3.0 0.42 1.08 1.12 0 . 33 23 . 5 0.207 1, 730 0.49 o. 79 3 . 35 11.0 28 .7 5.95 49, 700 
4.0 9 . 32 1.04 1. 15 0. 25 31. 5 0 . 279 2,820 0 .39 0.68 6.20 17. 5 56.0 15 . 0 157,000 
5.0 0.25 1.01 1.17 0.20 39. 5 0 . 349 4,360 0 . 32 0.61 9 .80 25 . 5 92 .0 32 . 0 397,000 
6 . 0 0 . 21 0.99 1.19 0 . 17 46.0 0 . 406 6,980 0 . 27 0 . 55 15 . 0 36 . 0 146 59. 5 1,020,000 
.ooos- . 058. 0 . 5 1. 80 0 .43 5 . 40 5 . 15 0 . 58 0 . 00056 2. 49 0.85 I. 21 C.720 3. 35 5 .55 0.003 12 14 
1.0 0.90 0 . 61 2.28 1.39 5. 10 0 . 00500 29. 4 0.65 0.86 2 . 44 8 . 10 20.0 0.100 58 7 H 
H 
2.0 0.45 0 . 83 l. 37 0. 44 17 . 5 0 . 0171 126 0. 46 0.61 8 . 40 ::!l . 5 74. 4 1. 26 9,350 H 
3 .0 0.30 0 . 76 l. 52 0. 32 25 . 0 0. 0246 206 0 . 35 0 . 49 19.3 41. 0 183 4.50 37,600 I 
4.0 0 . 22 0 . 72 1.60 0.25 31.5 0 . 0310 313 o. 28 0. 43 32.0 63.0 312 9 .68 97, 800 °' 5 .0 0.18 o. 71 1.65 0 .20 39 . 5 0 .0387 483 0 . 23 0.38 51 . 0 91.0 516 20 . 0 248,000 °' 6.0 0.15 0. 70 l. 70 0.18 43 .5 0. 0426 732 0.19 0 . 35 70.0 122 722 30.8 526,000 
1
See the following for explanation of symbols, column by column : (11 ) EiSQS bed l oad discharge for a size fraction for 
( I ) d = representat ive grain size, ft. given in Table 3 . 10. 2 entire c ross sect ion, tons / day 
(2) i s . fraction of bed materi al, given in Tabl e 3 . 10 .2 ( 12) E r atio o f bed layer thickness to water depth 
(3) ~ • bed hydrauli c radius due to grain roughnes s, ft. 2d/y O , for va lues of y0 See Table 3 .1 0. 3 given i n Table 3.10.3 
( 13 ) - - expon ent for concentration distribut ion 




see Tables 3 . l0.2 and 3. 10.3, respective l y 
0 
(1 4 ) II integral, given in Fit!. 3 . IC.6 
(5) d/ X dimensionless ra tio, X given in Table 3.10. 3 (1 5) 12 = integral, given i n Fig. 3. 10. 7 
( 6 ) hiding fac tor, given in Fig. 3 . 10 . 4 (16) PE I I + 12 + I fa c t or between bed load and total load 
( ) •• i ntensit y of shear on individua l grain s i ze (1 7) iTQT = bed material load per lDlit width of streaa 
E; Y( B/8 / ~ . (val ues of Y and ( S/ S ) 
2 
are for a size fraction, lb/sec-ft 
given fn Ta bl e 3 .10 . 3) 
X 
isqs (PE !1•I2•l) 
(8 ) •• = in t ensity of sed i ment t ran sport f or individual grain si:e, g i ven in Fig. 3. 10 . 3 ( 18) iTQT • bed ma terial load for a si z.e frac t i on for 
entire cros s s ect ion, tons /day 
( 9 ) iSqB bed load d ischarge per un it wid t h fo r a s i !e 
frac tion . lb/ sec- ft (1 9 ) EiTQT total bed material load for all size fractions, 
is• • ,, (gd )3/ 2 ~ 
ton s /day 
s s 
l 10 ) iBQS bed l oad d i s cha rge fo r a s ize f ra cti on f o r ent i re 


































Fig. 3 . 10.10 
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I'/ 0 .40 
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I I I 11I_ 0 .80 
''/111 I I I 
0.80 -0.80 I 1111I 
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Mean velocity, fps 
Relation of discharge of sands to mean velocity for six 
median sizes of bed sands, four depths of flow, and a 
water temperature of 60°F (Colby, 1964) 
In applying Figs. 3.10.10 and 3.10.11 to compute the total bed-
material discharge, the following procedure is proposed: (1) The 
required data are the mean velocity V, the depth y, the median size 
0 
of bed material d50 , the water temperature T, and the fine sediment 
concentration, Cf; (2) The uncorrected sediment discharge qn for 
the given V, y
0
, and d50 can be found from Fig. 3.10.10 by first 
reading q knowing V and d50 for two depths that bracket the 
desired depth and then interpolating on a logarithmic graph of depth 
versus ~• to get the bed-material discharge per unit width; (3) The 
two correction factors k1 and k2 shown in Fig. 3.10.11 account for 
the effect of water temperature and fine suspended sediment on the bed-
material discharge. If the bed-material size falls outside the 0.20 mm 
<I .I "..I I I" J 10 
Depth, ft 
III-68 
Median Size of 
Sediment, mm 
Fig. 3.10.11 Colby's correction curves for temperature and fine sediment 
(Colby, 1964) 
to 0.30 mm range, the factor k3 from Fig. 3.10.11 is applied to correct 
for the effect of sediment size; (4) The sediment discharge, qT, corrected 
for the effect of water temperature, presence of fine suspended sediment 
and sediment size is given by the equation 
3.10.43 
As Fig. 3.10.11 shows, k1 = 1 when the temperature is 60° F, k2 = 1 
when the concentration of fine sediment is negligible, and k = 1 3 
when dso lies between 0.2 mm and 0. 3 mm. The total sand discharge is 
3.10.44 
where W is the width of the stream. 
In spite of many inaccuracies in the available data and uncertainties 
in the graphs, Colby (1964) found that " ... about 75 percent of the sand 
discharges that were used to define the relationships were less than 
twice or more than half of the discharges that were computed from the 
III-69 
graphs of average relationship. The agreement of computed and observed 
discharges of sands for sediment stations whose records were not used 
to define the graphs seemed to be about as good as that for stations 
whose records were used." 
3.10.13 Calculation of bed-material discharge by the Colby method 
In order to compare the results calculated by Colby's method, the 
sample problem used to illustrate the Einstein method is used. The 
required data are taken from Table 3.10.3. In addition, the water 
temperature and the fine sediment concentration are assumed to equal 70°F 
and 10,000 ppm, respectively. For convenience, the calculations are 
summarized in the form of tables. Table 3.10.5 contains the calcula-
t ions over all size fractions using the median diameter of bed material 
whereas Table 3.10.6 contains the calculations for individual fractions 
using the bed-material size distribution. 
Table 3.10.5 Bed-material load calculations for sample problem by 
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average velocity, fps, taken from Table 3.10.3. 
uncorrected sediment discharge, tons/day/ft width, taken 
from Fig. 3.10.10 for the given V, y, and d50 by logarithmic interpolation. 0 
correction factor for temperature, given in Fig. 3.10.11. 
correction factor for fine sediment concentration, given 










correction factor for sediment size, given in Fig. 3.10.11. 
(9) 
• 
true bed-material discharge per unit width of stream, 
tons/day/ft width, given by Eq. 3.10.43. 
bed-material discharge for all size fractions for entire 
cross section, tons/day, given by Eq. 3.10.44 . 
• Table 3.10.6 Bed-material discharge calcul ations f or sample problem by applying the Colby me t hod 
comput at i on) 
d iB yo • V 'I,, kl k2 
...i.!L _ill_ _ill_ ...w._ ...ill_ _ill_ _QL _ill_ 
0.495 . 178 1.36 103 2 .92 12 0 .92 1.20 
l. 76 136 4.44 40 0 .9 1 1.21 
2 .so 170 6.63 112 0.91 1.22 
3. 30 194 8 . 40 193 0.90 1.23 
4 . 14 234 9.92 265 0 .90 1.25 
o. 351 . 402 1.36 103 2 .92 lS 0 . 92 1.20 
l. 76 136 4 , 44 45 0.91 l. 21 
2 .so 170 6 . 63 120 0 . 91 l. 22 
3. 30 194 8 . 40 210 0.90 1.23 
4 . 14 234 9 . 92 290 0.90 1.25 
0. 248 . 320 l. 36 103 2. 92 18 0 . 92 1.20 
l. 76 136 4 .94 53 0 .91 1.21 
2 .so 170 6.63 140 0 . 91 1.22 
3 .30 194 8 . 40 240 0 .90 1.23 
4 . 14 234 9 . 9 2 345 0 . 90 1.25 
0 . 17 5 . 058 l. 36 103 2 . 92 23 0.90 1.25 
l. 76 136 4 . 44 64 0 .91 1.21 
2 . so 170 6 . 63 163 0 . 91 1.22 
3 . 30 .194 8 . 40 305 0.90 1.23 
4 .1 4 234 9.92 420 0.90 1.25 
(I) d • represent ative arain size, •• given in Table 3 . 10 2. (8) k2 
(2) ib • fraction of bed ■aterhl, taken froa Table 3 . 10 . 2 . 
(9) k3 
( l) y - averaae flo"' depth, ft, taken froa Table 3 . 10 . 3 . 0 (10) ~ (4) • - top width , ft . taken fr011 Table 3 . 10 .3. (S) V - average velocity, fps, t aken fro■ Table 3 . 10 . 3. (6) 'I,, - uncorrect sediment dischar ee per unit lifidth a s swaing (11) i8~ 
the bed 15 composed entirely of one sand of siz.e 
(d). tons/day/ ft width, taken fro■ Fi&, 3.10.10 (12) i8<l,-
by interpolation on loaarithmic paper for t he 
gi ven V , 0, and d . 
(7) kl • correction factor fo r teape rature, given in Fi& , 3 .10. 11. 
(indivi dual size fraction 
k3 "-r is"-r is<¾-
..J2L ...J.!QL -1!.!L _i!ll_ 
. 62 13 2 237 
. 62 43 7 l ,OSO 
.62 119 21 3,570 
. 62 205 37 7,180 
.6 2 288 Sl 11,900 
.92 16 6 .4 659 
.92 49 20 2 ,720 
. 92 132 53 9,010 
. 92 230 93 18,000 
. 92 323 130 30,420 
1.00 20 6.4 659 
1.00 58 19 2,580 
1.00 lSS so 8 ,soo 
1.00 266 85 16,SOO 
1.00 388 124 29,000 
1.00 25 l.S lSS 
. 97 70 4. l SS8 
.97 180 10 l , 700 
.97 337 20 3,880 
.97 471 27 6,320 
• rnl"rf'c t ion fHtor fo r flue :i.ed leent, given in Fig . 3. 10 . 11. 
• correction factor for sedi■ent siz.e, given in Fig. 3. 10 . 11 . 
• corrected bed-aaterial discharge per unit width by 
u suaing the bed is c011.posed entirely of one sand of sne 
d, t ons/day/ ft width, given by Eq . l . 10.43. 
• bed -aat erial discharee per unit w-idth for a size fraction, 
tons/day / ft 11tidth . 
• w i
8
q,., the bed - 11aterial discharge for a siz.e fraction for 








The results of bed-material discharge calculations for the sample 
problem by using Einstein's (1950), and Col y's (1964) methods are shown 
in Fig. 3.10.12. The curves indicate that the sediment discharge increases 
rapidly with increasing water discharge. However, considerable deviations 
have resulted from different methods. As Einstein's method is basically 
derived from bed load measurements, it is questionable to apply this 
method to calculate bed-material load having most sediment in suspension 
such as the case in this sample problem. 


















Bed-Material Load, tons/day 
Fig. 3.10.12 Comparison of Einstein vs. Colby method 
3.10.14 Comparison of Meyer-Peter Muller and Einstein's contact load 
equation 
Chien (1954) has shown that Meyer-Peter and Mulle~ equation can be 
modified into the form 
~. = c!. -0.188) 312 3.10.45 
Fig. 3.10.13 shows the comparison of Eq. 3.10.45 with Einstein's ~* vs. 
~* relation for uniform bed material and for sediment mixtures using 
d35 in the Einstein relation and d50 in the Meyer-Peter and Muller 






Einstein Bed-Load Function 
and Mui ler Bed- Load 
Symbol Material D, m.m. Sp. Gr. Source of Doto 
• Gravel 28.65 ... l • Sond 5.20 2.68 0 Lign lle Breeze 5.20 1.25 Meyer - Peter 
0 Bar yto 5 .20 4 .22 
0 Sand 0.78!5 2.68 Gilbert 
• Polystrene 4.75 JI 3.18 1.852 Chien J1 2.38 
10-4 10-3 10-2 10-1 10° 101 
cf>* 
Fig. 3.10.13 Comparison of Meyer-Peter Muller and Einstein's method for 
computing contact load (Chien, 1954) 
3.11.0 COARSE-MATERIAL STREAMS 
The, p!l,e,e,e,cung fu C.LlM,fo n O n ai..lu. via.i. c.hanne..l 6,tow AA ma.inly !l,e1..a.,te,d 
to ~andbe.d c.hannw; that is channels with noncohesive bed materials 
of size less than 2 mm. The. othe,!l, c.i..a,M on c.hannw pell.tine.nt to highway 
e.ngine.vung AA that on c.o~e.-matvuai.. c.hannw. This classification 
includes all channels with noncohesive bed materials coarser than 2mm 
size. 
The be.havio!l, of coarse material channels :w ~omewhat dinne,!l,e.nt 
from sandbed channels. The main distinction between the two channels 
lies in the spread of their bed-material size distribution. In sandbed 
channels, for example, the bed may consist of particles from 0.02 to 
2.00 mm; i.e. a 100-fold size range. In coarse-material channels, even 
if the maximum size is limited to Cobbles (250 mm), the size range of 
particles may be 0.10 to 250 mm which is a 2,500-fold size range. The 
armoring of channel is, therefore, more pronounced in coarse material 
channels. In general, the coarse-material channels are less active and 
slower in bank shifting than sandbed channels. 
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The phenomenon 06 Mmotung in mobile bed ehanne.1..6 oeeu.M by the 
JteaJVta.ngement 06 bed mate.Jua..t dU!l.ing movement. The bed is covered by 
a one particle thick layer of the coarser material underlain by the 
finer sizes. (An example of armoring is given in Chapter VIII). 
The absence of finer sizes from the surface layer is caused by the 
winnowing away of these sizes by the flow. As the spread of particle 
sizes available in the bed of coarse-material channels is large, these 
channels can armor their beds and behave as rigid boundary channels for 
all excepz the highest flows. The bed and bank forming activity in 
these channels, is therefore limited to much smaller intervals of the 
annual hydrographs than the sandbed channels. 
The general lack of mobility in coarse-material channels also 
means the bed forms do not change as much or as rapidly as in sandbed 
channels. The roughness coefficients in coarse-material channels are 
therefore more consistent during the annual hydrographs than in sand-
bed channels. Most of the resi s tance to flow in oarse-material 
channels comes from the grain roughness and from bars. The river bed 
forms (dunes) are less important in the hydraulic behavior of coarse-
bed channels. 
Another special condition in coarse-material channels relates to 
the sampling and size analysis of bed material. As the particle sizes 
in these channels are large, fairly large volumes of material are 
needed to determine the particle size distribution. Also, the sudden 
variation in size from the surface layer to underlying material means 
that sampling has to be specifically oriented to either the bed layer 
or the material in a finite depth of the bed. These aspects of coarse-
material channels are discussed in the following paragraphs. 
3.11.1 Bed-material sampling in coarse-material channels 
are: 
The pWtpo~e6 06 bed-mate.Jua.l 4amp.U.ng in coarse-material channels 
(1) To determine the conditions of incipient movement. 
(2) To assess the bed roughness related to the Jte6~tanee to 6low. 
(3) To determine the bed-mate.Jua.l load for a given fl ow. 
(4) To determine the long and short time !te6poMe of the channel 
to specific activities. 
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For objectives (1) to (3), the properties of the surface layer are needed. 
If it is anticipated that the bed layer will be disrupted at any given 
stage, it is necessary to take a scoop sample of both the surface and 
subsurface material. 
The surface sampling can be easily done on the channel bed by counting 
particles on a grid, as already explained in this chapter. However, special 
effort should be made to obtain an objective sample. There is a tendency 
to select too many large particles. The scoop sample with bed-material 
sizes l arger than an inch or so is difficult to obtain and such samples 
may have to be collected from bars and other exposed areas on channel 
perimeter. 
In the size distribution analysis of coarse-bed materials, it is 
necessary to obtain particle counts by number, rather than by sieving 
or visual accumulation tube analysis for a part of the sample. Inter-
pretation of frequency distribution of a part of sample obtained by 
sieving needs care. Only if the size distribution in a sample follows 
log-normal probability dis tribution, can we transfer number cormts 
to distributions by size, volume, weight or surface areas directly. 
For other distributions, special numerical techniques have to be used 
to transform the number distributions to weight or size distributions. 
If the objectives of bed-material sampling include bed roughness and 
channel response, then the particles coarser than d84 or d90 need to 
be analyzed with more care. These sizes also require large samples for 
their determination . 
3.11.2 Hydraulics of coarse-material channels 
In sandbed channels, the form roughness can be much greater than 
the grain r oughness when the bed forms are ripples and dunes. In coarse-
material channels, the ripples never form and dunes are rare. The main 
type of bed form roughness in such channels is the pool and riffle 
configuration. With this configuration, the grain roughness is the main 
component of the channel roughness. 
A coarse-material channel may have bed material that is only partly 
submerged during most of the flows. It is difficult to determine the 
channel roughness for such beds. For other cases, analysis of data from 
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many rivers, canals and flumes (Anderson et al., 1968) shows that the 
channel roughness can be predicted by the equation 
1/6 n = 0.04 090 
where D90 is measured in ft and n is Manning's n. 
3. 11.3 Sediment transport in coarse-material channels 
3.10.46 
In considering the the sediment transport in coarse-material channels, 
the distinction between wash load and bed material load is reemphasized. 
The reason is that in such channels, particles as big as coarse sand may 
behave as wash load. These particles may not be available in sufficient 
quantities in the bed surface and yet may constitute a large part of 
the t otal sediment load. It is repeated here, that the wash load in an 
alluvial channel cannot be r e lated to the local flow or the channel bed 
and therefore is not predictable from the known channel flow properties. 
The bed material load in coarse bed channels is mostly transported 
as bed load and not as suspended load. FolL the bed-load .:tlLa.nJ.ipolLt 
u.nJ.itein 'J.i bed-load &unction (wd.hou.t the J.iUl.ipended-load c.omponent) 
and the MeyeJr.-Pe.teJr. Mu.UeJr. .:tlLa.nJ.ipou &unction hM been 6ound to be 
6 ai.Jc1.,y u.J.i e 6 u.l . 
3.11.4 Long and short term response of coarse-material channels 
The time response of coarse-material channels also is different 
from sandbed channels in the time scale of response. This time response 
is dominated by two factors: (1) the difference in particle size between 
the surface (armor) layer of the bed and the bed material below it, and 
(2) the wash load may extend to coarse sand sizes. These factors are 
discussed below. 
The 601Una.u.on 06 an aJunofL layeJr. on the bed may ,Wlmobilize the bed 
601L a lafLge pau 06 the hydlLogttaph. However, if the conditions for 
incipient movement of this layer are exceeded, the underlying finer 
bed material will be readily picked up by the flow. The channel then 
establishes an armor of larger size particles for which a substantial 
depth of the bed may be degraded. Thus, extreme flow events in 
coarse-material channels are capable of inducing rapid and large bed-
level changes. 
The coarse sand and larger particles, may behave as wash load in 
coarse material channels. That is although the flow may be transporting 
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a large quantity of these particles, the boundary shear may be large, 
so that these particles are not found in appreciable quantities in the 
armor 1 ayer. I 6 .the. boundMy .6 he.alt ,u., Jc.e.duc.e.d by a.6 6fux a..t a. hi..g hwa.y 
C.JtoMing, the. 6,tow may no.t .6U.6.tcu.n .th,u., ma..tvua..l a..6 WMh .toa.d a.nd Mpid 
agg1ta.dilion ma.y oc.c.uJc.. In general, afflux at highway crossings induces 
rapid and more pronounced channel response in coarse material channels. 
3.12.0 OPEN CHANNEL MODELING 
In the present context, models are replication of phenomena associated 
with the behavior of highway crossings. The models may be physical 
models; that is small-scale physical replications. They may also be 
mathematical when they are mathematical abstractions of the phenomena. 
Models are used to test the performance of a design or to study the 
details of a phenomenon. The performance tests of proposed structures 
can be made at moderate costs and small risks on small-scale (physical) 
models. Similarly, the inter action of a s tructure and the river environ-
ment can be studi ed in detail. 
The natural phenomena are governed by appropriate sets of governing 
equati ons. If these equations can be integrated, the prediction of a 
given phenomenon in time and space domains can be made mathematically. 
In many cases related to river engineering, all the governing equations 
are not known. Also, the known equations cannot be directly treated 
mathematically for the geometries involved. In such cases, models are 
used to physically integrate the governing equations. 
Similitude between a prototype and a model implies two conditions: 
(1) To each point, time and process in the prototype, a uniquely 
coordinated point, time and process exists in the model. 
(2) The ratios of corresponding physical magnitudes between 
prototype and model are constant for each type of physical 
quantity. 
3.12.1 Rigid boundary models 
To satisfy the preceding conditions in clear water, geometric, 
kinematic and dynamic similarities must exist between the prototype and 
the model. Ge.ome,t,,u.c. .6irn,U,aJu;t,y Jc.e.oeli6 :t.o :the. .6~ 06 601Un be.:twe.e.n 
the. p11..ototype. and i:t.6 model.. 
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K.i,nema.,tic. .ti,i,,mil,a.Ju:tfJ 1te.oeM :to .ti,i,m,U.a/-J.,t,IJ o 6 motion, wWe. dtJna.mlc. 
.tihn~y Io a f.ic.wng 06 maf.if.ie.-6 and 601tc.v.i. For kinematic similarity, 
patterns or paths of motion between the model and the prototype should 
be geometrically similar. If similarity of flow is maintained between 
the model and the prototype, mathematical equations of motion will be 
identical for the two. Considering the equations 
dhn e.n.tiioni.e.-6.6 Jtili0-6 06 _y_ ( F1toude. numbe.Jt) and 
lgy 
of motion, :the. 
VJ... (Re.tjnold-6 numbe.Jt) 
\) 
Me. bo:th -tiigni,6).c.an:t paM.me.:teM in modw 06 Jt).g).d boundMIJ ci.e.M uu:te.Jt 
ope.n c.hanne.l 6low. 
It is seldom possible to achieve kinematic, dynamic and geometric 
similarity all at the same time in a model. For instance, in open 
channel flow, gravitational forces predominate, and hence, the effects 
of the Froude number are more important than those of the Reynolds number. 
Therefore, the Froude criterion is used to determine the geometric scales, 
but on ly with the knowledge that some scale effects, that is, departure 
from strict similarity, exists in the model. 
Ratios (or scales) of velocity, time, force, and other characteristics 
of flow for two systems are determined by equating the appropriate 
dimensionless number which applies to a dominant force. If the two 
systems are denoted by the subscript m for model and p for pro-
totype, then the ratio of corresponding quantities in the two systems 
can be defined. The subscript r is used to designate the ratio of the 
model quantity to the prototype quantity. For example, the length ratio 
is given by 
X Ym z 
L 
m m 
= -= -= r X yp z p p 
3.12.1 
for the coordinate directions x, y, and z. Equations 3.12.1 assumes a 
condition of exact geometric similarity in a 1 coordinate directions. 
Frequently, open channel models are distorted. A model.~ .tiaid :to 
be. futoltte.d i6 the.Jte. Me. vMiable.-6 that have :the. .tiame. dhne.n6ion bu:t Me. 
model.e.d by di66e.1te.n:t 6c.a.le. JW..:U.0-6. Thus, geometrically distorted models 
can have different scales in horizontal (x,y) and vertical (z) directions 
and two equations are necessary to define the length ratios in this case. 




= -= -r X yp p 
3.12.2 
and 
z m z = -r z 3.12.3 p 
If perfect similitude is to be obtained the relationships that must 
exist between the properties of the fluids used in the model and in the 
prototype are given in Table 3.12.1 for the Froude, Reynolds and Weber 
criteria. 
In free surface flow, the length ratio is often selected arbitrarily, 
but with certain limitations kept in mind. The Froude number is used as 
a scaling criteria because gravity has a predominant effect. However, if 
small length ratio is used, that is, the water depths are very shallow, 
then surface tension forces, effects of which are included in the Weber 
number ( V ), may become important and complicate the interpretations 
.fa/pa 
of results of the model. The length scale is made as large as possible 
so that the Reynolds number is sufficiently large and friction becomes 
a function of the boundary roughness and essentially independent of the 
Reynolds number. A large length scale also insures that the flow is 
turbulent in the model as it is in the prototype. 
The boundary roughness is characterized by Manning's roughness 
coefficient, n, in free surface flow. Analysis of Manning's equation 
and substitution of the appropriate length ratios, based upon the Froude 
criterion, results in an expression for the ratio of the roughness which 
is given by 
n r 
= L 1/6 
r 3.12.4 
It is not always possible to achieve boundary roughness in a model and 
prototype that correspond to that required by Eq. 3.12.4 and additional 
measures, such as adjustment of the slope, may be necessary to offset 
djsproportionately high resistance in the model. 
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Table 3.12.1 Scale ratios for similitude 
Scale Ratios 
R F w Characteristic Dimension e r e 
Length L L L L 
Area L2 L2 L2 L2 
Volume L3 L3 L3 L3 
Time T 2 pL /µ (Lp/y) 1/2 (L3p/o)l/2 
Velocity L/T µ/Lp (Ly/p)l/2 (o/Lp)l/2 
Acceleration L/T2 /;/L3 y/p 2 o/L p 
Di scharge L3/T Lµ/p L 3/2 y_l/2 L3/2(o/p)l/2 p 
Mass M L\ L\ L 3p 
Force ML/T2 2 )J /p L\ La 
Density M/L3 p p p 
Specific weight M/L2T2 µ2 /L3p y a/L2 
Pressure M/LT2 //L2p y a/L 
Impulse and 
ML/T L 2µ L7/2(py)l/2 LS/2 (pa) 1/2 momentum 
Energy and work ML2/T3 2 Lµ /p L4y L2a 
ML2/T3 JJ 3 /Lp 2 
L7/2y3/2 
0 3/2(L/p)l/2 Power 1/2 p 
3.12.2 Mobile bed models 
In mode.Li.ng rughLmy e1to-0-0ing-0 and enCJtoaehmen,v., in the JuveJr. envbton-
ment, th!tee.-cume.n-0iona_f_ mobile. bed modei.-6 a11.e. o6te.n w.ied. These models 
have the bed and sides molded of materials that can be moved by the 
model flows. Similitude in mobile bed models implies that the model 
reproduces the fluvial processes like the bed scour, bed deposition, 
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lateral channel migration, and varying botmdary roughness. It has not 
been considered possible to faithfully simulate all of these processes 
simultaneously on scale models. Distortions of various parameters are 
often made in such models. 
Two approaches are available to design mobile bed models. One is 
the analytical derivation of distortions explained by Einstein and 
Chien (1956) and the other is based on hydraulic geometry relationships 
given by Lacey, Blench, and others (See Mahmood and Shen, 1971). In 
both of these approaches, a first approximation of the model scales and 
dis t ortions can be obtained by numerical computations. The model is built 
to t hese scales and then verified for past information obtained from 
the prototype . In general, the model scales need adjusting during the 
ver ification stage. 
The model verification consists of the reproduction of observed 
prototype behavior under given conditions on the model. This is 
specifically directed to one or more alluvial processes of interest. 
For example, a model may be verified for bed-level changes over a 
certain reach of the river. The predictive use of the model should be 
restricted to the aspects for which the model has been verified. 
This use is based on the premise that if the model has successfully 
reproduced the phenomenon of interest over a given hydrograph as 
observed on the prototype, it will also reproduce the future response 
of the river over a similar range of conditions. 
The. mobile. be.d modeh a11.e. mo1te. cU.{:,6,i,c.u.Lt. to de...6ign a.nd thw the.01ty 
,u.;, vM.tly c.ompUc.ct:te.d M c.ompa11.e.d to de.alt wa.:te.Jt Jtigid be.d modeh. 
However, many successful examples of their use are available the world 
over. In general, all important river training and control works are 
invariably studied on physical models. The interpretation of results 
from a mobile bed model requires a basic understanding of the fluvial 
processes and some experience with such mode l s. Even in many cases, 
where it is possible to obtain qualitative information only from 
mobile bed models, this information is of great help in comparing the 
performance of different designs. 
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3.Al.O SEDIMENT TRANSPORT IN GRAVEL RIVERS 
In Section 3.10.8, the Meyer-Peter and Muller equations for bed-
material sediment transport is presented. The equcd-i..onJ.i aJte ~eeommended 
o o~ eompu..ta..tio nJ.i o 6 .tJr.a.n6 po.tr;t ~ate/2 in eoaM e matwa.l ehannel-6 . A 
sample computation is presented below. 
3.Al.l Sediment transport rate 
A gravel river is 200 ft wide and has a slope of 0.0005. The 
discharge is 7000 cfs and the depth of flow is 9.80 ft. The bed 
material has the grain size distribution shown in Table 3.Al.l 
Table 3.Al.l Bed material size distribution 
Size range Percent of total 
mm weight in size range 
0.002 -0.0625 0.9 
0.0625-0.125 4.4 
0.125 -0.250 14.2 
0.250 -0.500 74.9 
0.500 -1.00 5.0 
1.00 -2.00 0.5 
2.00 -4.00 0.3 
We need to extract more information about the bed material so 
Table 3.Al.2 is prepared. The geometric mean size is defined to be the 
square root of the product of the two extreme values; e.g. the geometric 
mean size for the first size range= ✓ (0.002)(0.0625) = 0.011 mm. 
The effective diameter of the bed-material sediments is given 
by Eq. 3.10.18 or 
D = 
m 
l P. D. 
i 1 1 
100 
34.52 
= -1-0,...,.0- = 0.345 mm= .00113 ft 
The size distribution is plotted on log-probability paper in 
Fig. 3.Al.l and the following values are obtained: 
• D90 = 0.46 mm 
D84 = 0.42 mm 
D50 = 0.31 mm 
D16 = 0.24 mm 
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Table 3.Al.2 Bed-material size fractions 
Size range Geometric mean size, D. mm 
Percent of bed materi-
al in this size, P. mm 
.002 - .0625 
.0625 - .125 
.125 - .250 
. 25 0 - . 500 
.500 -1.00 
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Fig. 3.Al. l 
and 
Percent finer than 
Bed-material size distribution 
1 D84 D50 
G=-(-+-) 2 D50 D16 
= 1 (0.42 + 0.31) = 1.32 
2 0.31 0.24 











3. Al. l 
The Meyer-Peter and Muller equation for bed-material transport is 
Eq. 3. 10.13 
0. K. 3/2 
(-'b) (--b) yy S 
Q K o r 
(
r.)1/3 ys-y 2/3 213 




= specific weight of sediment and water, respectively, 
= portion of total discharge, Q related to the channel bed 
= roughness coefficient related to bed 
= roughness coefficient related to the bed-material grain 
roughness 
= depth of flow 
= energy gradient 
= mean diameter of the bed material 
= gravitational acceleration 
= bedload in units of weight/unit width/unit time 
The coefficients B' and B have values of 0.047 and 0.025 
respectively for the case of sediment transport (from Section 3.10.7). 











The Manning's roughness coefficient for the reach is (from Eq. 2.3.20) 
n = 1.486 
V 
R2/3 Sl/2 
Here, the cross-sectional area is 
A = y W 
0 
= 9.8 X 200 = 1960 sq ft 
the wetted perimeter is 
p = 
= 
so the hydraulic radius 
R = 
= 
The average velocity is 
2y + w 
0 





219.6 = 8. 92 ft 
V = Q 
A 
7000 
= 1960 = 3.57 fps 
219.6 ft 
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By putting these values and the value of the bed slope into Manning's 
equation, we obtain 
n = 
1· 486 (8.92) 213 (.0005) 112 = 0.040 3.57 
Assuming a rectangular channel, the Manning's roughness associated 
with the bed is (from Eq. 3.10.20) 
2y n 
[ o ( _ (..!!_) 3/2) ]2/3 nb = n 1 + W- 1 n 
where n is the bank roughness. 
w 
As n is not given, assume a value 
w 
of 0.060; that is, the roughness of the banks is rather large. Then 
nb = 0.040[1 + 2. J~a 8) (1 _ 0.060)3/2]2/3 0.040 = 0.0378 




1 26.45 = = .0378 
From Eq. 3.10.22 
Qb 1 
Q- 2y n 3/2 
1 + 0 (~) w- nb 
1 = ----=--e--:--~-~-c--.....,,,...,~ = 0 . 836 
l + 2 (9. 8) (' 060 ) 3/2 
200 .0378 
Now, we have values for all the variables in the Meyer-Peter and 
Muller equation so by inserting these values 
or 
so 
0. 836 26.45 3/2 (93.58) (62.4) (9.8) (.0005) = 0.047 (165-62.4) (.00113) 
+ 0 _25 c~;:i)l/3 c165i:;·4)2/3 9B2/3 
2/3 
o.0384 = 0.00545 + 0.227 qB 
q
8 
= 0.055 lb/sec/ft 
The total sediment discharge for the channel is 
QB= 9B W 
= .055 x 200 = 11 lbs/sec 
= 475 tons/day 
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3.Al.2 Armor coating 
If the movement of bed materials out of the river reach is not 
accompanied by an equal influx of bed material at the upstream end, the 
bed degrades and develops an armor coat. The size of the armor material 
is determined from the Meyer-Peter and Muller equation (from 3.10.13) 
Qb 'S, 3/2 
(Q) (K) yy
0
S = 0.034 (ys-y)Dm 3.Al.2 
r 
for zero sediment discharge. That is, the armor-coat materials are 
of size D computed by Eq. 3.Al.2 and do not move. 
m 
For the flow conditions described in the previous section 
Qb 
Q = 0.836 
'S, 26.45 
K = 93.58 = 
r 
so from Eq. 3.Al.2 
0.283 
= 0.836 (0.283) 312 (62.4) (9.8) (0.0005) 
0m 0.034 (165 - 62.4) 
= O.OllO ft 
= 3.35 mm 
This size is larger than the larger bed-material sizes so the 
bed must degrade substantially to become armored. 
3.Al.3 Rapid computations 
If the channel is wide and the bed materials have a log-normal 
size distribution, the bed-material transport can be estimated 
very quickly. 
With the assumption of a wide channel, the ratio Qb/Q becomes 
uni ty. 
If the bed materials have a log-normal distribution 
D 
{!_ (ln G/} m 3.Al. 3 
D50 
= exp 2 
where 
G 
1 D84 050 
= 2 (-+ -) D50 D1 6 
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For the gravel bed river being considered in Section 3.Al.1 
so 
and 




1 (ln 1.32) 2} = 1.04 
so 
D = 1.04 X 0.31 = 0.322 mm 
m 
The USBR short form of the Meyer-Peter and Muller equation 
(Eq. 3.10.A) is 
Qb D1/6 3/2 
q
8 
= 1.606 [3.306(-Q) (_2.Q._) y S - 0.627 D ] 3/ 2 




090 = 0.46 mm 
nb = 0.0378 
y = 9. 80 ft 
s = 0.0005 
Qb 
1.0 Q = 
3.Al. 4 
1.606 [3.306 (1) 
O 461/6 3/2 
- .627 (.322)] 312 q = c_ 0378 ) C9.8)c.ooo5) B 
= 3.3 tons/day/ft 
The total bed-material discharge is 
= 3.3 X 200 
= 660 tons/day 
This compares with 475 tons/day computed using the complete form 





Rivers and river systems have served man in many ways. Rivers are 
fundamental to agriculture particularly i~ the arid and semiarid parts of 
the world. To some degree the flooding by rivers and the deposition of 
sediment therefrom on the river valleys has been a means of revitalizing 
the river valleys to keep them productive. Rivers have provided a means 
of traveling inland and developing trade. This has played a significant 
role in the development of all countries wherever rivers of significant 
si ze exist. 
Rivers have different alignments and geometry. There are meandering 
rivers, braided rivers, and rivers that are essentially straight. In 
general, braided rivers are r elatively steep and meandering rivers have 
more gentle slopes. Meandering channels have characteristics that enable 
us to utilize them without experiencing extensive improvement and maintenance 
cost. 
Meandering rivers are not subject to rapid movement, are reasonably 
predictable in behavior and are utilizable to man's benefit. Nevertheless, 
they are unstable, banks are eroded, productive land, bridges, bridge 
approaches, control works, buildings, and urban properties are often 
destroyed by floods. Bank protection works are often necessary to stabi-
lize certain reaches of the river and to improve them for other aspects 
of flood control. 
4.2.0 FLUVIAL CYCLES AND PROCESS 
4.2.1 Youthful, mature and old streams 
Various methods are used to classify rivers according to their age. 
One of the methods used by geomorphologists, and widely accepted by the 
engineering profession, classifies streams as youthful, mature, and old. 
You.th6ul implies the initial state of streams. As channels are first 
developed in the earth's surface by the flowing water, they Me geneJtal.1.y 
V-~haped, veJty illegui..alt and con1.>,u.,t 06 6Mc;twied Vto~ive and noneJto~ive 
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ma.,te.,u.a,l6. Examples of youthful streams are mot.mtain streams and their 
tributaries developed by overland flow. 
There is no clean line between youthful and mature rivers. In the. 
c.aJ., e. 0 6 ma,twr,e. c.ha.nnw I the. /UV eJt vai.i. e.lj-6 ha.v e. W{I;f e.ne.d I the. Jtiv eJt -6.io pe.-6 
al!.e. 6W, a.nd ba.nk. c.uttJ..ng ha.-6 .f.altge.ly 1te.p.ta.c.e.d down.wa1td c.u..tting. The 
streambed has achieved a. glta.de.d c.onc:U.tion, that is the. Jlope. and the. 
e.neJtgtJ 06 the. -6:tlte.am al!.e. ju.J.,t .6u.6M,ue.nt to tlta.n.6poltt the. ma.teJua.l 
deLlveJte.d toil. With mature channels, narrow floodplains and meanders 
have formed. The valley bottoms are sufficiently wide to accommodate 
agricultural and urban developments, and where development has occurred 
usually channel stabilization works and other improvements have been 
made to prevent lateral migration of the river. 
R.i.veJt c.ha.nnw c.la.Mif/,e.d a.-6 old a1r.e. e.x.te.n.6ion.6 ,<.,n age. o0 the. ma,twr,e. 
c.ha.nne.l; as erosion continues, the river valleys develop so that their 
characteristics are greater width, low relief, the stream gradient has 
flattened further, and meanders and meander belts that have developed 
are not as wide as the river valley. Natural levees have formed along 
the stream banks. Landward of the natural levees, there are swamps. 
The tributaries to the main channel parallel the main channel sometimes 
for long distances before there is a breach in the natural levee that 
permits a confluence. In conjunction with an old river and its river 
valley, wide areas are available for cultivation, improvements of all 
types are built, and flood levees are generally required to protect 
those occupying the valley. Because of the more sophisticated develop-
ment of the river valley, channel stabilization and contraction work 
such as revetments and dikes are generally constructed. 
It .6hou.ld be. e.mpha..6ize.d thM the. pll.e.c.e.ding c.onc.e.pt on the. ofuvia.l 
c.yc.le. i-6 not a.c.c.e.pte.d by ill ge.ologi-6.t.6. For example, some consider 
a channel to be mature only after the trunk stream as well as the side 
streams have achieved a graded condition. Some define old age as a 
condition when the entire river system is graded. Graded streams are 
r eferred to as those that have achieved slopes such that their energy 
is just sufficient to transport the material through the system that 
is delivered to the streams. This concept can only be appliod as an 
average condition extending over a period of years. No stream is 
continuously graded. A poi.6ed -6:tlte.am lf.e.oelt.6 to one. .tha,t ne.,Uhe1t aggll.a.de.-6 
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oft de.gM.de6 w c.hannei. ove.Jt .tune.. Bo.th gM.de.d and pob.. e.d .6.tfte.am.6 Me. 
de,U,catei.y bala.nc.e.d. Any change imposed on the river system will alter 
the balance and lead to actions by the stream to reestablish balance. 
For example, a graded or poised stream may be subjected locally to the 
development of a cutoff. The development of the cutoff increases the 
channel slope, increases velocity, and increases transport at least 
locally. Changes in these variables cause changes in the channel and 
deposition downstream. The locally steepened slope gradually extends 
itself upstream attempting to reestablish equilibrium. 
4.2.2 Floodpl ain and delta formations 
Over time, the highlands of an area are worn down. The streams 
erode their banks. The material that is eroded is utilized further 
downstream to build banks and to further the meandering process. Streams 
move laterally pushing the highlands back. Low flat valley land and 
floodplains are formed. As the streams transport sediment to areas of 
flatter slopes and in particular to bodies of water where the velocity 
and turbulence are too small to sustain the transport of the material, 
the material is deposited forming deltas. As deltas build outward the 
up-river portion of the channel is elevated through deposition and becomes 
part of the floodplain. Also, the stream channel is lengthened and the 
slope is further reduced. The upstream river bed is filled in and 
average flood elevations are increased. As it works across the river 
valley .thb.. .type. of, de.vei.opme.n.t C.au6e6 .the. .toW f/.oodpR.iu..n .to Jta.b..e. ht 
ei.e.va.t,i,on. Hence, even old streams are far from static. Old rivers 
meander, are affected by changes in sea level, are influenced by move-
ments of the earth's crust, are changed by delta formations or glacia-
tion, and are subject to modifications due to climatological changes 
and as a consequence of man's development of them. 
4.2.3 Alluvial fans 
Another feature of rivers is aU.u.vW. f,alt6. They oc.Cl..Vt whe.Jte.veJt 
.theJte. ,u., a c.ha.nge. f,Jtom a .6.te.e.p .to a f,W gM.die.n.t. As the bed material 
and water reaches the flatter section of the stream, the coarser bed 
material can no longer be transported because of the sudden reduction 
in both slope and velocity. Consequently, a cone or fan builds out as 
the material is dropped. The steep side of the fan faces the floodplain. 
There is considerable similarity between a delta and an alluvial fan. 
IV-4 
Both result from reductions in slope and velocity. Both have steep 
slopes at their outer edges. Both tend to reduce upstream slopes. 
Alluvial fans like deltas are also characterized by unstable channel 
geometries and rapid lateral movement. An action very similar to the 
delta, develops where a steep tributary enters a main channel. The 
steep channel tends to drop part of its sediment load in the main 
channel building out into the main stream. In some instances, the main 
stream can be forced to make drastic changes at the time of major 
floods by the stream's tributaries. 
4.3.0 STREAM FORM 
A study of the plan and profile of a stream is very useful in 
understanding stream morphology. Plan-view appearances of streams are 
many and varied and are the result of many interacting variables. Small 
changes in a variable can change the plan view and profile of a river 
adversely affecting a highway crossing or encroachment. Conversely the 
highway crossing or encroachment can inadvertently change the plan view 
or profile adversely affecting the river environment. In this section 
the stream form is classified and the channel processes are discussed. 
4.3.1 The braided stream 
A bM.,W.e.d .6 :tltea.m J...6 o n.e. :tha;t co n..6J...6:t.6 o 6 mul;ti_ple. a.n.d in.:te/Lla.c.ing 
e,ha.nn.w (see Fig . 1. 2 . 1) . a n.e. Ca.u.6 e. 0 6 b1ta.,id,ing A.A :the. la.Jtg e. qua.n.:tliy 
06 be.d loa.d :tha;t :the. .6:tlte.a.m J...6 una.ble. :to tM.n6poJt:t. The magnitude of 
the bed load is more important than its size. Many geologists claim 
that braiding is independent of the size of the bed material at least in 
the sand range. If the channel is overloaded with sediment, deposition 
occurs, the bed aggrades, and the slope of the channel increases in an 
effort to obtain a graded state. As the channel steepens, the velocity 
increases, multiple channels develop and these interlaced multiple 
channels cause the overall channel system to widen. Multiple channels 
are generally formed as bars of sediment are deposited within the main 
channel. 
An.o:theJt Ca.u6 e. o 6 btuu,cl,i_ng J...6 e.Mily e.1tode.d ba.nfui. If the banks 
are easily eroded, the stream widens at high flow and at low flow bars 
form which become stabilized, forming islands. In general, a braided 
channel has a large slope, a large bed-material load in comparison with 
its suspended load, and relatively small amounts of silts and clay in 
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the bed and banks. Fig. 4.3.1 may assist to define the various conditions 
for multiple channel streams. 
Braldl na ·'"due to steep 
SlOflC vith dearadatl on 
Brai di na due Braiding due to steep slope 
to steep slope with approxiute equilibrium 
Braldina due to steep slope 
Braiciing multiple with aggradation 
channel . st reams Braiding due to steep slope 
with aggradat ion 
Braldin& due Bra idi ng due t o mderate 
to aura4at1on slope with auradatlon 
Multiple 
channel 
streus Braiding due to lO'ot sl ope 
with auradation 
Land de 1 ta type 
Non-braidina 
mu lt ipJ,:- channeh 
Ord inary delta type 
Fig. 4.3.1 Types of multj-channel streams 
The. b!UUde.d .6Vl.wn ,u., di66ic.ui:t :to wo1tk wilh in .thM il -<--0 un-6.ta.b.te. , 
c.ha.ngu ili ai,ignme.n.t Mp-i.d.e.tJ, c.aJVue.-6 .i.altge. qua.n..u;t.{,u 06 .6e.cUme.n.t, -<--0 
Ve./ttJ wide. and .6ha.ilow e.ve.n a.:t 6.tood 6.tow a.nd -<--0 in ge.ne.Jta..t unp1te.dic..ta.b.te.. 
4.3.2 The meandering channel 
The. me.a.ndwng c.hanne..t i.6 :the. one. :tha.:t c.on.6i.6:t.6 o0 a.Ue.1tn.a,t,i,ng be.nd.6 
06 a.n S-.6ha.pe.. However, this is a static definition; in reality the 
meandering river is subjected to both lateral and longitudinal movement 
caused by the formation and desctruction of bends. Even straight channels 
have a meandering current. In fact, in most straight channels there is 
a tendency for the current to meander therein and to develop alternate 
bars that may ultimately lead to the development of a meandering channel 
given sufficient time. The meandering channel was defined by E.W. Lane 
(1957) as one whose channel alignment consists principally of pronounced 
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bends, the shapes of which have not been determined predominately by the 
varying nature of the terrain through which the channel passes. For 
comparison, Gerald H. Matthes (1941) stated , "the term meander is here 
applied to any letter-S channel pattern, fashioned in alluvial materials, 
which is free to shift its location and adjust its shape as part of a 
migratory movement of the channel as a whole down at the valley." 
Fig. 4.3 . 2 illustrates the meandering river form. 
The meandering river consists of pools and crossings. The thalweg 
or main current of the channel, flows from the pool through the crossing 
to the next pool forming the typical S-curve. In the pools, the 
channel cross section is somewhat triangular. Point bars form on the 
inside of the bends . In the crossings, the channel cross section is 
more rectangular and depths are smaller. At low flows the local slope 
is steeper and velocities are larger in the crossing than in the pool. 
At low stages the thalweg is located very close to the outside of the 
bend. At higher stages, the thalweg tends to straighten. More 
Fig. 4.3.2 Meanders in Mississippi River near Greenville, 
Mississippi 
specifically the thalweg moves away from the outside of the bend 
encr oaching on the point bar to some degree. In the extreme case, the 
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shifting of the current causes chute channels to develop across the 
point bar at high stages. Fig. 4.3.3 shows the plan view and cross 
section of a typical meandering stream. In this figure, one can 
observe the position of the thalweg, the location of the point bars, 
alternate bars and the location of the pools and crossings. Note that 
in the crossing the channel is shallow compared to pools and the banks 
may be more subject to erosion. 
4.3.3 The meandering process 
Alluvial channels of all types devi ate from a straight alignment. 
The thalweg oscillates transversely and initiates the formation of 
bends. In general, the river engineer concerned with channel stabili-
zation should not attempt to develop straight channels. In a. -0tJr..aJ,gh,t 
c.ha.nnel .the. a.lte1tna.te. ba.M and the. tha.fu•e.g I the. de.e.p-0 a.nd -0 ha.Le.oW6 l 
aJte c.onUnu.a..U.y c.ha.ng~ng; thus the current is not uniformly distributed 
Pool 
-----------=i=---• . Pool Cros-;;;;;-~~oter Pr . . . ·. ·, ·. •.··~ .- ... ·, . ;.:•.···e·· .... .. · ....... .. ... .. ,._ .i-, --..'!!.!.!..e ---
~~ . .. ::.: .,.·:· 
···~- ... :•· 
Alternate · · ·· 
~- ◄ .... •.t, • . .,. 




Section C-C ~7 •,•.·,:\F.k",1,, •• • 
Section D-D 
Fig. 4.3.3 Plan view and cross section of a meandering stream 
through the cross section but is deflected toward one bank and then the 
other. Sloughing of the banks, nonuniform deposition of bed load by 
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debris such as trees, and the Coriolis force have been cited as causes 
for meandering of streams. Whe.n the. c.uNte.n.:t J.1> cLi.Jr.e.c:te.d .totAWz.d a bank, 
.the. ba.nk J.1> Vtode.d ,fo the. a1te.a. 06 ,imp..&t.geme.n.:t and the. c.uJUr.e.n.:t .,w de.-
file.c:te.d and ,imping e.6 u.po n .the. o ppo.6lie. bank fp.1ttheJt down.6:tlte.am. The 
angle of deflection of the thalweg is affected by the curvature formed 
in the eroding bank and the lateral depth of erosion. 
In general, be.n.d.6 a/le. fiotr.me.d by .the. pl!.OC.e.6.6 06 e.Jto.6ion a.nd de.po.6,i;t,lon. 
Erosion without deposition to assist in bend formation would result only 
in escalloped banks. Under these conditions the channel would simply 
widen until it was so large that the erosion would terminate. The 
material eroded from the bank is normally deposited over a period of 
time on the point bars that are formed downstream. The point bars 
constrict the bend and enable erosion in the bend to continue, accounting 
for the lateral and longitudinal migration of the meandering stream. 
Erosion is greatest across the channel from the point bar. As the point 
bars build out from the downstream sides of the points, the bends 
gradually migrate down the valley. The point bars formed in the bend-
ways clearly define the direction of flow. The bar is generally stream-
lined and its largest portion is oriented downstream. If there is very 
rapid caving in the bendways upstream the sediment load may be sufficient-
ly large to cause middle bars to form in the crossing. 
As a meandering river system moves laterally and longitudinally, 
the meander loops move at an unequal rate because of the unequal erodi-
bility of the banks. This causes a tip or bulb to form and ultimately 
this tip or bulb is cut off. After the cutoff has formed, a new bend 
may slowly develop. Its geometry depends upon the local slope, the 
bank material, and the geometry of the adjacent bends. Ove.Jt rue. the. 
.toe.al .6.te.e.p .6lope. c..au..6 e.d by .the. c.u:to 6 6 J.1> furubu..:te.d bo.th u.p.6:tlte.am and 
down.1.>:tlte.am. Years may be required before a configuration characteristic 
of average conditions in the river is attained. 
When a cutoff occurs, an oxbow lake is formed (see Fig. 4.3.4). 
Oxbow l akes may persist for long periods of time before filling. 
Usually the upstream end of the lake fills quickly to bank height. 
Overflow during floods carries fine materials into the oxbow lake area. 
The l ower end of the oxbow remains open and the drainage and overland 
flow entering the system can flow out from the lower end. The oxbow 
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Fig. 4.3.4 Major floodplain deposits in the meander belt of the Mississippi 
River, after Waterways Experiment Station Potamology Investigation 
Report No. 12-15 (1965). 
> 
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gradually fills with fine silts and clays. Fine material that 
ultimately fills the bendway is plastic and cohesive. As the river 
channel meanders it encounters old bendways fil l ed with cohesive 
materials (referred to as clay plugs). These pl ugs are sufficiently 
resistant to erosion to serve as essentially semipermanent geologic 
controls. Clay plugs can drastically affect river geometry. 
The variability of bank materials and the iact that the river en-
counters such features as clay plugs causes wide variety of river forms 
even with a meandering river. The meander belt formed by a meandering 
river is often fifteen to twenty times the channel width. 
4.3.4 Natural levees and back swamps 
Natural levees are a characteristic of old river systems . The 
na..tuJr..a.l .teveu ne.M :the JtiveJt Me JULtheJt 1.deep bec.a.u1.ie c.oall..6e ma.teJua.l 
dltop¢ out quic.kly. Farther from the river the gradients are flatter 
and the finer materials drop out. Beyond :the .teveu Me :the ¢wamp all..e.a.6. 
On the lower Mississippi River, natural levees en the order of ten 
feet in height are common. The rate of growth cf natural levees is 
smaller after they reach a height equal to the average annual flood 
stage. 
4.3.5 Subclassification of river channels 
There are subclassifications within the major types of meandering, 
straight and braided channels that are of use to the geomorphologist and 
engineer. Low, moderate and high sinuosity are illustrated in Fig. 4.3.Sc. 
Classification based on oxbow .ta.ku is illustrated in Fig. 4.3.Sd. - In 
Fig. 4.3.Se types of me.a.ndeJt ~CJtoU 6oJr.ma:tion6 are illustrated. By 
studying scroll formations in terms of age of vegetation it is possible 
to quantify rate and direction of channel migration. The bank hugh:t 
c assification of rivers is given in Fig. 4.3.Sf. Bank height is often 
an important index to age and activity of the river. Classification 
based on natural levees is illustrated in Fig. 4.3.Sg. As pointed out 
earlier well developed levees are associated with older rivers. Typical 
modern 6loodpWn6 are illustrated in Fig. 4.3.Sh . The floodplain that 
is broad in relation to the channel width is indicative of an older 
river. Conversely when the river valley is narrow and confined by 
tetl'aces or valley walls the river flowing therein is usually mature. 
Typical vege.:ta.:ttve pa.fteJtn6 that are observed along meandering channels 
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Tl. Uniform Width, Sinuous; T2 . Wider ot Bends, Sinuous, T3 Wider at Bends,Sinuoos T4. Variable Width, Braided 
~~~n lN~~~;/ Present Point Bars Conspicuous 6~\~~~:~•e~~a~1•s~.:.,~•mi· ~r~:~~e Course of Low 
S,nuous (or Slra,ght) 
Uniform Channel 
Sinuous Point Bar 
Channel 
Point Bar Braldtld 
Channel 
(a) Variability of unvegetated channel width: 
normal discharge 
(b) Braiding patterns 
S I Low(i-1 .3) S2. Moderote (l. 3· 2.0) 
(c) Types of sinuosities 
Bar Braidsd or !&land 
Braid~d Ora1nqg11 Co,-
channel pattern at 
S3. Hi<;lh (>2 .0) 
Fig. 4.3.5 Classification of river channels (after Culbertson et al., 
1967) 
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X2 Many XO Rare or Abs. nt 
(d) Oxbow lakes on floodplain 
M3 Scrolls Concentric, M2 Scroll, Fa1nt,Mostly Ml Scroll• Poorly Developed, MO Scroll• Absent,Flood 
Reoular, Closely Spaced Obacurtd by Veo1tot1an l rre ou lar, Bar- Li ke Plain hat Braided Pattern 
(e ) Types of meander scroll formations 
B I Law (5ft for Creeks , 
10ft for Rivers) 
(~) Types of bank heights 
B2 Moderate (5-IO!t for 
Creeks, 10-2011 for Rivers) 
B3. HiQh(IOft far Creek•, 
20ft for Rivers) 
Fig. 4 .3.S Classification of river channels (after Culbertson et al., 1967 ) 
(Continued). 
LO. No Levees 
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LI Levees Mainly on 
Concave Bonk 
(g) Types of natural levee formations 
L2 Levees Well De>11loped 
on Both Banks 
g:.:j; Si~, 1J  ·: · :: . •' . . . - ·,;.-:. ·-· ' .· .. . •·: 
F 2 Brood ,n Relot,on to Chon net Width 
(h) Types of modern floodplains 
VO. Very L 1mi ted or No 
Vegetation Along 
Banks 
VI . Vtgetol Growth on 
In t ide of Bends of 
the Channel 
(i) Types of vegetal patterns 
Fl Narrow, Confined by Terraces or Volley S1d11 
V2 Narrow Batt of V 3 . Dense Vegetat ion 
Dense Vege totion Growth 1n the 
Along Both Bends River BoStn 
Fig. 4.3.5 Classification of river channels (after Culbertson et al., 
1967) (Continued) 
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are shown in Fig. 4.3.Si. In general, the growth of vegetation is 
indicative of the presence of silts and clays in the river banks and 
the floodplain. This is particularly true if the floodplain is well 
drained. With good drainage the silt and clay are essential to the 
growth of vegetation because of their water holding capability. 
A comparison of the hydraulic and morphological properties of the 
channels as classified in Fig. 4.3.5 is provided in Table 4.3.1. A 
detailed knowledge of the hydraulic characteristics of different types 
of streams is of great value when dealing with the location of bridges, 
training works, flood control works and other river structures. 
4.3.6 The river profile and its bed materials 
The slope of a river channel or a river system is steepest in the 
headwater regions. The river profile is concave upward; the slope of 
the river profile can be represented by the equation 
where 
s = s 
X 0 
-ax e 4.3.1 
S = the slope at any station a distance x downstream of the 
X f . re erence station, 
S = the slope at the reference station, and 
0 
a= a coefficient. 
Similarly, the bed material is coarser in the upper reaches where the 
channel slopes are steep and the bed material becomes finer with 
distance downstream. Generally, the size of the bed material reduces 




D50 = D50 e 
X 0 
= the size of bed material at distance 





= the size of bed material at the reference station and 
0 
s = a coefficient . 






















The comparison of hydraulic and morphological properties of 
each type of classification 
Uni fon1 -wldth 
1ln\)C)UI channel Tl 
Th• slopu of rlsln1 and 
fallln1 li■bs 1r1 steeper 
than for the d nuous point 
bar channel and flatter 
than for point bar braided 
c.hanntls . Croundwat1T hd 
ch&An.ols h:tvt flat rh• and 
fall•CUTYII . 
The ch&J'lnl 1 can be for11ed 
on a narrow or on a broad 
floodp l ain . 
Sinuo s i ty low (P< l. S) , 
aodcute (I.S<P<2. 0) 
or hi1h (P!,.2,_li)-
A narrow belt of dens• 
veaetation is found alone 
both t he banks of channel. 
The ve11tal arovth ■ostly 
on the inside of chaMe 1 
bends ts assoc iated wi th 
hi&h linuosi ty . 
Banks are cohesive and 
naittant to 1ro1lon. 
lank hel &hts aro low to 
hi&h . 
Moderate or hLah bank 
hclahu are ceneral ly 
associated with natural 
l1v111. 
Oxbow lakes are 1enerally 
not formed unless the 
s i nuos i ty is lar1e . 
The concent r i c and reru-
lar 1c-roll s a r e a s soci -
a ted wi th hl1h slnuosi ty . 
The low s inuosi ty channel 
ls accoapani ed by poorly 
developed scrolls. 
braidins absent 
Sediment is transported 
m inl y a s suspended l oad 
consist i n& of vash l oad 
and bed- rna ur ia l load . 
SiJNOUI point bar 
channel Tl 
Th• rate of cllans• of 
slopes of risln1 and 
fallln1 llllbs of tha • 
hyd"'fT&Ph aN less thaa 
for the \D\lfora •width 
sinuous chaMtl and point 
bar braided channel. 
A broad aodcrn floodplai n 
ii auoclated with this 
type of channal. 
aodento (I.S<P<2 . 0) 
or hish (P!_2 . 0) -
Ne1 U 1lbh to vny den.a 
v11et at i on uy be foraed 
on th• floodplain . 
lank.I are relatively ltu 
cohesive than for the · 
unlfora- vidth sinuous 
cha.Mel. The bank.a are 
aoderata to hi&h. 
Natural leveu are 
1tt1r1lly found on con-
u ve banks . 
Generally• oxbow lakes 
are formed by this type 
of chaMel. 
Reiutu·. conc•ntric and 
closely space~ meander 
scrolls are as soci ated 
with th i t type of channel. 
brddi n1 absent 
Si mi lar to type Tl. 
Sed iir.ent is a.a! nly 
tra!'\spor ted t hrou&h 1us • 
pension . 
Point bar braided 
clwlnel TJ 
The rise and fall of the 
llydrosnph Is very StHp 
due to low tinuothy • 
stNp tlop, and narrov -om floodp lain of the 
channel. 
C.n1n!ly 1 the 110dtm 
floodplain Is narrow . 
low (P<I. 5) or 
aodorate (I !.S !l'!.2 . 0) 
Whn ch&nn• 11 have 
1tN'p tlop11 the ve1• · 
tal Vo"'th h usually 
••1li1lble alon1 both 
banks of th• channel. 
The banks are less 
coh11 he and aay be low 
to aoderauly hi1h . 
Satural leven are 
not fomed by tha 
ChaMII. 
Tbe oxbOII lakes are 
not foraed by tht 
channel. 
Meander 1crol ls are 
tither absent or poorly 
developed . 
linalt bar bra i d i n1 or 
lin1le island bra i dln1 
Sedh:ent i s u i nly 
transported u bed load. 
lar braided o, : ,le-I 
braided dnln.p ~O\: ..... Tl 
Th• peak lllrstlon of 
tho hy,t,,,snph Is tor.,. 
If bral~r.1 Is auoci-
at•d wl:.'\ the MC'l'J> 
■ lop• o! tJ\1 chan::.11. 
the ratt of rlu a.nd 
fall of bydro1np!i 
., be StHp . 
The ac,dm, flootp: a I r: 
uy be u.now If ~ ha 
channel t l opt h tte ir; 
and uy l>e bToac. •f t ~.e 
1lope is flat , 
lov (1<1 . S) 
Th• pat -: ern of ve i•t•• 
tion fo-.:nd ii 11n~ r• l.t 
either t er.H all a le :-. , 
th• area of flow or 
n11 ! i1l~l1 . 
The b&rus au 1er, rra1 :1 
low and col'l11ionlcs1 . 
Natut"ai leveu 1c• no: 
fonod . 
Oxbow laktl art n.:,·t 
expect•~ lo thh t ~ 
of chan:tl. 
Meander sc ro l l s a :, 
aoatly abu nt or ;:,.oo:- : y 
dtvel C"ptd. 
tinale :r mult i pJ,. be 
or isla.:d tnld i r. _. 
If slor ~• au su : p . 
11ode of n H me r, t 
tran spc :-t is 11:il J~r 
to t y;:, • Tl . lf 1 : o~ e• 
a-re fla : u r . ud i ~~ r.: 
1> trtr.spcrted b)" 
1u1p~n1. o:1 . 
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4.4.0 QUALITATIVE RESPONSE OF RIVER SYSTEMS 
Many rivers have achieved a state of practical equilibrium 
throughout long reaches. For practical engineering purposes, these 
reaches can be considered stable and are known as "graded" streams by 
geologists and as "poised" streams by engineers. However, this does not 
preclude significant changes over a short period of time or over a period 
of years. Conversely, many streams contain long reaches that are active-
ly aggrading or degrading. Thue.. a.ggMcU.ng a.nd degMcU.ng cha.nnw ma.y 
po.6e.. a. de..o,tnJ.,,t.e.. ha.zaJtd to a.ny highway CJtoM,fog OI! .. enCJtoa.chme..n-t. 
Regardless of the degree of the channel stability, man's local 
activities may produce major changes in river characteristics locally 
and throughout the entire reach. All too frequently the net result 
of a river improvement is a greater departure from equilibrium than 
that which originally prevailed. Good e..ngine..vu.ng du.lgn mtL6t inva.Jtia.-
bly .6 eek. to en ha.nee.. :the. na;twc..a.l :te..nde..ncy o 6 .the. .6:tlteam towa.Jtd po,lt, e..d 
concU..tion.6. To do so, an understanding of the direction and magnitude 
of change in channel characteristics caused by the actions of man and 
nature is required. This understanding can be obtained by: (1) studying 
the river in a natural condition, (2) having knowledge of the sediment 
and water discharge, (3) being able to predict the effects and magni-
tude of man's future activities, and (4) applying to these a knowledge 
of geology, soils, hydrology, and hydraulics of alluvial rivers. 
To predict the response to channel development is a very complex 
task. There are large numbers of variables involved in the analysis 
that are interrelated and can respond to changes in a river system in 
the continual evolution of river form. The channel geometry, bars, and 
forms of bed roughness all change with changing water and sediment dis-
charges. Because such a prediction is necessary, useful methods have 
been developed to predict the response of channel systems to changes 
both qualitatively and quantitatively. 
4.4.1 Prediction of general river response to change 
Quantitative prediction of response can be made if all of the 
required data are known with sufficient accuracy. Usually, however, 
.the. data. aJte.. not J.iuoniue..n.t 60/1 .. qua.n.:tUa.Uve.. u.tuna.tu, and only 
quaLU:o.,:uve.. u.tuna.tu aJte.. poMible... Examples of studies that have 
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been undertaken by various investigators for qualitative estimates 
follow. Lane (1955) studied the changes in r iver morphology caused by 
modifications of water and sediment discharges. Similar but more 
comprehensive treatments of channel response to changing conditions in 
rivers have been presented by Leopold and Maddock (1953), Schumm (1971), 
and Santos-Cayado (1972). All research results support the following 
general statements: 
(1) Depth of flow is directly proportional to water discharge and 
inversely proportional to sediment discharge. 
(2) Width of channel is directly proportional to water discharge 
and to sediment discharge. 
(3) Shape of channel expressed as width-depth ratio is directly 
related to sediment discharge. 
(4) Meander wavelength is directly proportional to water discharge 
and to sediment discharge. 
(5) Slope of stream channel is inversely proportional to water 
discharge and directly proportional to sediment discharge and 
grain size . 
(6) Sinuosity of stream channel is proportional to valley slope and 
inversely proportional to sediment discharge. 
It is important to remember that these statements pertain to natural 
rivers and not necessarily to artificial channels with bank materials 
that are not representative of sediment load. In any event, the rela-
tions will help to determine the response of any water conveying 
channel to change. 
Sediment bed material transport (Q) can be directly related to 
s 
stream power (TV) and inversely related to the fall diameter of bed 
0 
material (050). 
T V w 
0 4.4.1 
Here T is the bed shear, V 
0 
is the cross-sectional average velocity, 
W is the width of the stream and is the fine material load 






0so/Cf = ~. 
4.4.2 
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If specific weight, y is considered constant and the concentration of 
wash load Cf can be incorporated in the fall diameter, 050 , the 
relation can be expressed as 
4.4.3 
which is the ~ei..a.:tion oJug-<.nai,ty pnopo~ed by Lane (7955) except Lane 
used the median diameter of the bed material as defined by sieving 
instead of the fall diameter. The fall diameter includes the effect 
of temperature on the transportability of the bed material and is 
preferable to the use of physical diameter. 
Equation 4.4.3 is very useful to qualitatively predict channel 
response to climatological changes, river development or both. Two 
simple example problems are analyzed using Eq. 4.4.3. 
Consider a tributary entering the main river at point C that is 
relatively small but carries a large sediment load (see Fig. 4.4.1). 
This increases the sediment discharge in the main stream from Q to 
s 
Q+. It is seen from Eq. 4.4.3 that, for a significant increase in 
s 
sediment discharge (Q+) the channel gradient (S) below C must 
s 
increase if Q remains constant. The line CA (indicating the origi-
nal channel gradient) therefore changes with time to position C'A. 
Upstream of the confluence the slope will adjust over a long period of 
time to the original channel slope. The river bed will aggrade from 
C to C'. 
Or101nol 




Fig. 4.4.1 Changes in channel slope in response to an increase in 
sediment load at point C 
Construction of a dam on a river usually causes a decrease in 
sediment discharge downstream. Referring to Fig. 4.4.2, and using 
Eq. 4.4.3 and the earlier discussion, it can be concluded that for a 
IV-19 
decrease in bed material discharge from Q to Q-, the slope S 
s s 
decreases downstream of the dam. In Fig. 4.4.2, the line CA, repre-
senting the original channel gradient, changes to C'A, indicating a 
decrease in bed elevation and slope in the downstream channel with 
time. Note, however, if the dam fills with sediment so that the 
incoming sediment discharge passes through, that, except for local 
scour at the dam, the grade line C'A would return to the line CA. 
Also upstream of the dam the grade would return to the original 
equilibrium grade but would be offset vertically by the height of the dam. 
Thus ~mill danui (storage capacity small in relation to annual discharge) 
may c.a.U6e degnada;t.i,on and then aggJta.da;t.i,on oven a ne.1..a;t,,i,ve ~hont peJu.od 
06 time. 
Fig. 4 .4.2 Changes in channel slope in response to a dam at point C 
The engineer is also interested in quantities in addition to 
directions of variations. The geomorphic relation QS ~ QsDSO is only 
an initial step in analyzing long-term channel response problems. 
However, this initial step is useful, because it warns of possible 
future difficulties in designing channel improvement and flood protec-
tion works. The prediction of the magnitude of possible errors in 
flood protection design, because of changes in stage with time, requires 
the quantification of changes in stage. To quantify these changes it is 
necessary to be able to quantify future changes in the variables that 
affect the stage. In this respect, knowledge of the future flow conditions 
is necessary. 
4.4.2 River conditions for meandering and braiding 
In the preceding examples it was shown that changes in water, sediment 
discharge or both can cause significant changes in channel slope. The 
changes in sediment discharge can be in quantity Qs or caliber 050 or 
both. Often such changes can alter the plan view in addition to the 
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Fig. 4.4.3 Slope-discharge relation for braiding or meandering in sandbed 
streams (after Lane, 1957) 
It shows that when 
S QI/4 ~ .0017 
a sandbed channel meanders. Similarly, when 
S QI/4 ~ .010 
4.4.4 
4.4.5 
the river is braided. In these equations, S is the channel slope in feet 
per foot and Q is the mean discharge in cfs. Between these values of 
S q114 is the transitional range and many of the U.S. rivers, classified 
as intermediate sandbed streams, plot in this zone between the limiting 
curves defining meandering and braided rivers. If a river is meandering 
but i ts discharge and slope borders on the transitional zone a relatively 
smal l increase in channel slope may cause it to change, with time, to a 
transitional or braided river. The reader can deduce the consequence of 
other changes in variables on river form by employing Eq. 4.4.2 and 
Table 4.4.2. 
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4.4.3 Hydraulic geometry of alluvial channels 
Hyc:11r..a.u,U,e ge,ome;tJr.y is a general term applied to alluvial channels 
to denote relationships between discharge, Q and the channel morphology, 
hydraulics and sediment transport. In self-formed alluvial channels, the 
morphologic, hydraulic and sedimentation characteristics of the channel are 
determined by a large variety of factors. The mechanics of such factors 
is not fully rmderstood. However, alluvial streams do exhibit some 
quantitative hydraulic geometry relations. In genVtctl, thue, 1tel.a.;uon1.i 
apply .t.o ehannw wl:th,i,n a phy~iogJUtph,i_e negion and ean be ~ily denived 
n1tom da:ta available on gaged niv~. It~ und~tood that hyd!Utulie 
geome;tJr.y 1telation1.i expnu~ the integ1tctl e66eet on all the hydltologie, 
meteo1tologie, and geologie vaniablu in a dltaina.ge bMin. 
The hydraulic geometry relations of alluvial streams are useful in 
river engineering. The forerunner of these relations are the regime 
theory equations of stable alluvial canals. A generalized version of 
hydraulic geometry relations was developed by Leopold and Maddock (1953) 
for different regions in the United States and for different types of 
rivers. In general the hydraulic geometry relations are stated as: 
b 
W = a Q 
f 
y = C Q 
0 
V = k Qm 
Q = p Qj 
T 
S = t Qz 
n = r qY 
where W is the channel width, y is the channel depth, V is the 
0 
average velocity of flow, QT is the total bed material load, S is the 
energy gradient, n is the Manning's roughness coefficient, and Q is 
the discharge as defined in the following paragraphs. The coefficients 
a, c, k, p, t, r and exponents b, f, m, j, z, y in these equations are 
determined from analysis of available data on one or more streams. From 






Leopold and Maddock (1953) have shown that in a drainage basin, two types 
of hydraulic geometry relations can be defined: (1) relating W, y, V 
0 
and Qs to the variation of discharge at a station, and (2) relating 
these variables to the discharges of a given frequency of occurrence at 
various stations in a drainage basin. Because QT is not available they 
used Qs the suspended load transport rate. The former are called a,t-
¢:t,a;ti,,on relationships and the latter down6:tlteam relationships. The 
distinction between <Lt-h.t.atJ..on and down6:tlteam hydraulic geometry relations 
is illustrated in Figs. 4.4.4 and 4.4.5. 
The mean values of exponents b, f, m, j, z, and y as reported by 
Leopold et al. (1964) are given below. These values are based on an 
extensive analysis of stream data in the United 
Average At-A-Station Relation , 
Average va lue , midwe s tern 
United St ates 
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More recently hydraulic geometry relations were theoretically 
developed at CSU. These relations are almost identical to those 
proposed by Leopold and Maddock. The <Lt-J.t.atJ..on relations derived at 
CSU are: 
w I\, Q0.26 4.4.6 
Yo I\, 
Q0.46 4.4.7 
s I\, Q0.00 4.4.8 











Constant Frequency of 
Discharge at Each Point 
B 
High Discharge 
Constant Frequency of 
Discharge at Each Point 
D 
Fig. 4.4.4 Variation of discharge at a given river cross section and 
at points downstream (after Leopold and Maddock, 1953) 
At-~tation re l ations pertain to individual sites such as 
A or B. Vow~br.eam relations pertain to a channel (segment 







- Change Downstream for Discharge of Given Frequency 
----- At Station Change for Dischari;ies of Different Frequencies 
Fig. 4. 4. 5 Schematic variation of width, depth, and velocity with 
a;t-~t<Ltion and dow~br.eam discharge variation (after 
Leopold and Maddock, 1953) 
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Equation 4.4.8 implies that slope is constant at a cross section. This is 
not quite true. At low flow the effective channel slope is that of the 
thalweg that flows from pool through crossing to pool. At higher stages 
the thalweg straightens somewhat shortening the path of travel and in-
creasing the local slope. In the extreme case river slope approaches 
the valley slope at flood stage. It is during high floods that the flow 
often cuts across the point bars developing chute channels. This path of 
travel verifies the shorter path the water takes and that a steeper chan-
nel prevails under this condition. 
The derived down6bte.a.m relations for ba.nk-6u11.. fucha.ll.ge are: 
Yb = 
Q 0.46 4.4.10 b 
Wb = ~0.46 4.4.11 
s = Q -0.46 b 4.4.12 
Vb = ~0.08 4.4.13 
Here the subscript b indicates the bank-full condition. 
4.4.4 Dominant discharge in alluvial rivers 
The hydraulic geometry relations discussed in 4.4.3 indicate how the 
channel morphology and other characteristics vary with discharge at a 
station or in the downstream direction in a drainage network. In the 
hydraulic design of river crossings and encroachments, the relations 
need to be defined to determine the down6bte.a.m hydraulic geometry of the 
channel at a site between two gaged sites. The question then arises 
about the frequency of discharge to be used in the hydraulic geometry 
relations. The nel.ation.6 expneJ.i~ed ~n 4.4.3 ne.l.a..te to the ba.nk-6u11.. 
~ta.ge, WMch 6on many U.S. ~v~ ~ a onequency 06 occunnence 06 one 
~n 1. 5 y~. In the past, various terms such as domlnant or 6onmmve 
discharge have been vaguely used for selecting some arbitrary discharge 
for the purpose of developing down.6bte.a.m hydraulic geometry relations. 
This arbitrariness is confusing to a designer. 
The characteristics of an alluvial channel, including its hydraulic 
geometry, vary with the discharge. In natural rivers, the characteris-
tics such as the bed material load, energy gradient and meander geometry 
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can be related to channel discharge as simple power functions. The 
formative dis charge corresponding to the average value of such charac-
teris tics can then be defined in terms of the power function and the 
frequency distribution of the flow as follows. 
F(Q) = a Qn 
T 
F(Q) = 1 I F (Q) • dt T 
0 
Q = f [.!_ F(Q)]l/n a 
where F(Q) is the power function relating the phenomenon of interest , 
for examp le th e bed mat eri a l load, to discharge , Q; T is the time period 
over which the occurrence of the phenomenon i s averaged and Qf is the 
formative discharge for the particular phenomenon. As the functions 
F(Q) are di fferent for di fferent characteristics, the value of Qf 
obtained from the preceding equations will also be different. Also when 
n > 1 , Qf will be greater than the mean discharge, Q. For a given site, 
Qf can be expressed in terms of the frequency of occurrence or a return 
period. 
Analyses of bed material load estimations of Qf on sand bed 
rivers may show that up to 90 percent of the total transport is caused 
by flows that are equalled or exceeded about ten percent of the time 
only . ThUJ.>, :the. aveJta.ge. be.d ma:tvua.£ load i n a '1.)_veJt may be. dv.,c.Jube.d 
in :teJun6 06 a 6oll.ma:t,[ve. fuc.ho.Jig e. muc.h la.Jr..geJt than the. me.an annua.£ 6low. 
Ai.J.io, :the. aveJta.ge. c.hanne.l width, depth, me.an.de.Jr. ge.ometlty may be. de.6ine.d 
in teJun6 o 6 d,i_ 6 6 e.Jl. e. nt 6 o llJna:t,[ v e. fu c.ho.Jig e6 Jta:th eJt than an a11.billtaJu.1.y 
c.ho.6 e.n dominant fu c.ha11.g e. . 
The concept of frequency of occurrence of flows is important in the 
hydraulic design of highway crossings and encroachments. This concept 
can also be combined with the economic analysis to determine the design 
flow conditions. If this approach is used, the terminology of dom,£nant 
and 6oll.ma..tiv~ discharges loses its relevance to design considerations, 
except for a gross representation of the channel behavior. Both the 
a:t-.6,ta:t,[on and down.6:tlte.am hydraulic geometry relations are especially 
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useful when the hydraulic design is based on the frequency of occurrence 
of flows. After the design flow has been determined for a given highway 
structure, the channel hydraulics and morphology can be determined 
from the hydraulic geometry relations. 
The hydraulic geometry relations are applicable to continuous chan-
nel behavior. In some cases, this behavior may become fueon.tinuoUf.i, as 
the channel pattern changes from meandering to braided by the formation 
of cut-offs. Ca.UM.on 1.:ihoul.d be Med when 1.:iueh poM-tbili;ti,e,1.:, ew:t. 6oJt 
du-tgn 6,f..ow1.:i, a.nd :t.he eha.nnel. beha.v-<..oJt 1.:ihoul.d be 1.:ipeua..t.e..y a.nal.yzed. 
4.4.S Prediction of channel response to change 
In section 4.4.1 it was illustrated that Eq. 4.4.3 could be used to 
predict changes in channel profiles caused by changes in water and sediment 
discharge . It is now possible to talk qualitatively about changes in channel 
profile, changes in river form and changes in river cross section both at a 
section and along the river channel using the other relations presented above. 
This can be best illustrated by application. Referring to Table 4.4.1 
cons ider the effect of an increase in discharge indicated by a plus sign on 
line (a) opposite discharge. The increase in discharge may affect the 
river form, energy slope, stability of the channel, cross-sectional area 
and river stage. Eqs. 4.4.4 and 4.4.S (or Fig. 4.4.3) show that an increase 
in discharge could change the channel form in the direction of a braided form. 
Whether or not the channel form changed would depend on the river form 
prior to the increase in discharge. With the increase in discharge the 
stability of the channel would be reduced according to Eq. 4.4.9 which in-
dicates an increase in velocity. On the other hand, this prediction could be 
affected by changes in form of bed roughness that dictate resistance to flow. 
This effect is discussed later. 
From Chapter III recall that the wash load increases the apparent vis-
cosity of the water and sediment mixture. This makes the bed material behave 
as if it were smaller. In fact, the fall diameter of the bed-material is 
made smaller by significant concentrations of wash load. With more wash 
load, the bed material is more susceptible to transport and any river 
carrying significant wash load will change from lower to upper regime at 
a smaller Froude number than otherwise. Also, the viscosity is affected 
by changes in temperature. 
Table 4.4.1 Qualitative response o+ a llu,·ial channels 
Change in Effect on 
Magnitude River Energy 
Variable of Variable Regime of Flow Form Resistance to Flow Slope Stability of Channel Area Stage 
Dis- (a) + + M+B ± + + 
charge 
(b) B~I + + + 
Bed- (a) + M+B + + ± + + 
Mater- (b) ial + B-+M ± 
Size 
Bed- (a) + + B-+M + 
Mater- H 
(b) M+B + + + + < ial I 
N 
Load -...J 
Wash (a) + + ± 
Load (b) + + ± + + 
Viscos- (a) + + ± 
ity 
(b) + + ± + + 
Seepage (a) Outflow B-+M + + + + 
force 
(b) Inflow + M+B + 
Vegeta- (a) + B-+M + + + + 
tion 
(b) + M+B + 
Wind (a) Downstream + M+B + 
(b) Upstream B~ + + + 
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Seepage forces resulting from seepage outflow help stabilize the 
channel bed and banks. With seepage inflow, the reverse is true. Vegeta-
tion adds to bank stability and increases resistance to flow reducing the 
velocity. Wind can retard flow increasing roughness and depth when blowing 
upstream. The reverse is true with the wind blowing downstream. The most 
significant of wind effect is wind generated waves and their adverse effect 
on channel stability. 
In many instances it is important to assess the effects of changes 
in water and sediment discharge on specific variables such as depth of 
flow, channel width, characteristics of bed materials, velocity and so 
forth. For this type of analysis we can use Eq. 4.4.3, and the at-
lta.lion hydraulic geometry relation. Eq. 4.4.3 can be written in terms 
of width, depth, velocity concentration of bed material discharge 





These equations are helpful for detailed analysis. 
4.4.6 Relative influence of variables on bed material and water discharge 
The study of the relative influence of viscosity, slope, bed material 
size and depth on bed material and water discharge is examined in detail 
using Einstein's bed-load fW1ction (1950) and Colby's (1964) relationships. 
UMtun'l be.d-load 6uncuon was chosen because it ,u.i the molt deta,il,ed and 
c.omp!te.he.Mive. tJtea:tme.nt, 61tom the point 06 6f_u,,f_d mec.hani~. Colby' l Jtelatio'rt-6 
Welte c.hMen bec.aw.ie 06 the. la1tge amount and Jtange 06 data w.ied in thw 
de.velopme.nt . 
The data required to compute the total bed material discharge using 
Einstein's relations are: 
s = energy slope 
D65 = size of bed material for which 65 percent is finer 
D35 = size of bed material for which 35 ercent 15 finer 
\I = kinematic viscosity 
n = Manning's wall friction coefficient w 
A = cross-sectional area 
IV-29 
Pb = wetted perimeter of the bed 
p = wetted perimeter of the banks w 
D. = 
1 
size of bed-material fraction i 
ib = percentage of bed material in fraction i 
Ys = specific weight 
V = average velocity 
To study the relative influence of variables on bed material and 
water discharges, the data taken by the U.S. Geological Survey from 
October 1, 1940 to October 1, 1970 on the Rio Grande near Bernalillo 
are used. The width of the channel reach was 270 ft. In the analysis 
the energy slope was varied from 0.7S to 1.5S, in which S is the 
average bed slope assumed to be equal to the average energy slope. 
Further, the kinematic viscosity was varied to correspond with vari-
atjons in temperature from 39.2° to 100°F inclusive. The variation of 
D65 , D35 , Di and iB was accomplished by using the average bed-material 
distribution given by Nordin (1964) and shifting the curve representing 
the average bed-material distribution along a line parallel to the 
abscissa drawn through 050 . The average water temperature was assumed 
equal to 70°F and the average energy gradient of the channel was 
assumed equal to 0.00095 ft/ft= 5.0 ft/mi. The water and sediment 
discharges were computed independently for each variation of the 
variables and for three subreaches of the Rio Grande of different width 
near Bernalillo. The applicability of the results depend on the relia-
bility of the modified Einstein bed-load function and Colby's relation-
ships used in the analysis rather than on the choice of data. 
The computed water and sediment discharges are plotted in Figs. 4.4.6, 
4.4.7, 4.4.8 and show the variation of sediment discharge due to changes 
in bed material size, slope and temperature for any given water discharge. 
Figure 4.4.6 shows that whe.n. :the. be.d ma.:tvual.. bee.om<¼ 6,,i,n.eJc., :the .6e.di..men:t. 
cU.6c.hCVtge .,foCJteMe6 c.on..6ideJc.a.b.ty. The second most important variable 
affecting sediment discharge is the slope variation (see Fig. 4.4.7). 
Temperature is third in importance (Fig. 4.4.8). The effects of 
variables on sediment discharge were studied over approximately the same 
range of variation for each variable. 
Fig. 4.4.9 shows the variation of the sediment discharge due to 
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Fig. 4.4.9 Variation of bed-material load with depth of flow 
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Colby's (1964) relations. The values of depth of flow varied from 1.0 
to 10.0 ft, the median diameter of the bed material was maintained 
constant equal to 0.030 mm, the water temperature was assumed constant 
and the concentration of fine sediment was assumed less than 10,000 ppm. 
The channel width was also maintained constant at 270 ft. In Fig. 4.4.9 
the curves for constant depth of flow show a steep slope. This indi-
cates that the capacity of the stream to transport sands increases very 
fast for a small increase of discharge at constant depth. Similar 
figures can be developed for other sizes of bed material, and the 
relat ions can be modified to include the effect of wash load and viscosity 
effects. 
4.4.7 Prediction of long term river response to change 
The information presented in the preceding portion of this chapter 
can be used to determine the direction of change of hydraulic variables 
when the water and sediment discharges are varied. It is important to 
notice that the E~n-6tun' ~, Colby'~, and Manru.ng'-0 equ.a.;tion-6 apply to a 
C/l.0-0 -0 ~ed<.on 0~ ~MQh and ~oo<Ur. o~om ~ome 06 the ava.,u'.a,ble geomo~pMQ 
equ.a.;tion-6 that have been derived by considering a reach or total length 
of river. Einstein's, Colby's and Manning's equations deal with depth 
of flow, width of flow and energy slope whereas most geomorphic equa-
tions deal with channel depth, channel width and channel slope. 
The interdependency of top width, depth of flow, energy slope, 
bed-material size and kinematic viscosity on the water and sediment 
discharge allows the establishment of the relative influence of those 
variables on stage-discharge relationships. Information concerning 
the interdependency of top width, depth of flow, energy slope, bed 
material size and kinematic viscosity with water and sediment discharges 
can be used to establish the direction of variation of hydraulic varia-
bles, as a consequence of changes imposed on the water and bed-material 
discharge. 
Neither Einstein's bed-load function nor Colby's relationships 
directly talce into account the width of the cross section, except when 
transforming the sediment discharge per foot of width to the total 
river width. The influence of the width, nevertheless, indirectly 
enters any method of estimating transport, since width affects the 
depth of flow for a given water discharge and energy slope. With the 
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total information provided to date, the response of a river system to 
changes in variables are given in Table 4.4.2. A plus (+) sign signifies 
an increase in the value of the variable and a minus (-) sign signifies a 
decrease in the value of the variable. The letter B indicates an in-
crease in the product SQ114 and a shift toward a braided condition and 
the Jetter M indicates a reduction in SQ114 and a shift toward the 
meandering condition. No attempt is made here to determine whether or 
not the channel braids or meanders. 
Table 4.4.2 Change of variables induced by changes in sediment 
discharge, size of bed material and wash load 
Eguation Tendency to Braid or Meander 
+ s+ v+ + 
Qs 0so/Cf '\, Yo w B 
Q; 0so/Cf - + -'\, s V Yo w M 
+ s+ + - + 
Qs 0so/Cf '\, V Yo w B 
D~O/Cf 
+ + + 
Qs '\, s v- - w- M Yo 
- + + 
Qs 0so/Cf '\, s v- - w- M Yo 
Qs 0so/Cf '\, 
s+ + + + v- - w Yo B 
+ + s+ + + 
Qs 0so/Cf '\, v- y~ w B 
Q; D~O/Cf 
- + + -
'\, s v- - w M Yo 
+ + s+ + ± + 
Qs 0so/Cf '\, v- yo w- B 
Q; D~O/Cf 
+ + + 
'\, s v- - w- M Yo 
o;o;cf 
- + 
Qs '\, s v- - w M Yo 
Note: An increase in the value of the variable is denoted by a + ; 
and a decrease is denoted by a - As an example, in the first 
line, if the value of Q increases, the slope, velocity and width 
will increase and the deith of flow will decrease. 
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The rivers are a dynamic geomorphic feature. Generally they are 
continuously changing their position, shape, and other morphological 
characteristics with the variation of discharges and with the passage of 
time . In the context of highway engineering, il ,L6 .t.he1te6one ,i,mpoJt;tan.:t. 
no.:t. only :to -6:tu..dy :the ew-ti..ng tuveJt bu;t, wo w poMib.te vcvua.-ti..on-6 
duJung :the U6e 06 :the lughwa.y pnojec.:t. 
Rivers are nature's way of conveying water on the surface of the 
earth . The c.hMac.:teJt,L6-ti..cJ.i o 6 :the tu v eJt an e d e:te.Jun,fo ed b tJ the iu'.LteJt 
fuc.ha.nge, the qu.a.n:tily a.nd c.hMac.:teJt 06 1.ieCU!"len:t fuc.ha.nge, :the c.ompo1.ii-
-ti..on 06 :the bed a.nd ba.nk. ma.:tetua.l 06 the c.ha.miel, the. vcvua.tion-6 06 .:t.he1.i e 
pcvuur.e;teM ~n fue, a.nd man'l.i ac.u.v,i,u.e1.i. In general man's activities 
may relate to the variation of the imposed discharge and the sediment 
load in the channel or to the variation of the channel geometry by 
encroachment. These activities may pertain to the location of the 
highway in the river environment or farther upstream or downstream in 
the channel. To predict the behavior of a river in its natural state 
or as affected by man's activities, it is necessary to delineate the 
characteristics of the river as well as the mechanics of t heir formation. 
The more apparent characteristic of a river is its pla.n 60nm 
geome.:t.ny. The rivers are classified as meandering, straight, and braided. 
The characteristics of -6ec.-ti..ona..t geomWtJ of the river relate to the 
channel width, the width-depth ratio, and the form of the cross section. 
Characteristics of the river also relate to the bed ma.:tetua.l size . From 
the point of view of the hydraulics of a river channel, the characteristics 
pertaining to the bed forms in the channel are important. The river 
characteristics are in:tenne.la..:t.ed so that a change in one may result in a 
change in others. 
In this chapter, it is shown that the characteristics of individual 
river systems are well behaved and that a small amount of information 
about a particular river may be sufficient to deduce the other important 
characteristics. 
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At the present time, developments in river mechanics are such that 
quantitative information from one river can be transferred to another 
river. However this transfer must be based on an understanding of river 
mechanics. The objective of this chapter is to introduce the highway 
engineer to the basic characteristics of rivers in a quantitative manner 
so that he is able to estimate and transfer information about rivers. 
5.2.0 RIVER FORM 
Rivers may be classified as meandering, straight, and braided. 
There are many transitional forms between these types. The processes 
involved in these forms have been presented in Chapter IV. A brief 
description is given below for continuity. 
5.2.1 Meanders 
A meandering river has more or less regular inflections that are 
sinuous in plan. It eonJ.i-<-6:t.6 06 a leJue/2 06 bend6 eonneded by CJLOllingl. 
In the bends, deep pools are carved adjacent to the concave bank by the 
relatively high velocities. Because velocities are lower on the inside 
of the bend, sediments are deposited in this region forming the poin,t 
bM. The centrifugal force in the bend causes a transverse water 
surface slope, and in many cases, helicoidal flow occurs in the bend. 
Point bar building is enhanced when large transverse velocities occur. 
In so doing, they sweep the heavier concentrations of bed load toward 
the convex bank where they are deposited to form the point bar. Some 
transverse currents have a magnitude of about 15 percent of the average 
channel velocity. The bends are connected by crossings (short straight 
reaches) which are quite shallow compared to the pools in the bendways. 
At low flow, large sandbars form in the crossings if the channel is not 
well confined. The scour in the bend causes the bend to migrate down-
stream and sometimes laterally. Lateral movements as large as 2500 feet 
per year have been observed in alluvial rivers. Much of the sediment 
eroded from the outside bank is deposited in t he crossing and on the 
point bar in the next bend downstream. Meandering rivers have relatively 
flat slopes. 
The geometry of meandering rivers is quantitatively measured in 
terms of: (1) meander wavelength A, (2) meander width W, (3) mean 
m 
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radius of curvature r, (4) meander amplitude A, and (5) bend de-
e 
fle ction angle ~- A sketch defining these quantities is shown in 
Fig. 5.2.1. 
Be nd Deflection Angle, 4> 




Fig. 5.2.1 Definition sketch for meanders 
The actual meanders in natural rivers are generally not as regular 
as ir1dicated in Fig. 5. 2 .1. The precise measurement of meander dimensions 
is therefore difficult in natural channels and tends to be subjective. 
The analysis of the median meander dimension i n nature shows that the 
meander length and meander width are both related to the width of the 
channels. The empirical realtionships for the meander length A and 
the bank-full channel width as well as the meander amplitude A and 
the channel width are shown in Fig. 5.2.2 and Table 5.2.1. 
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Fig. 5.2.2 Empirical relations for meander characteristics 
(Leopold et al., 1964) 
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Table 5.2.1 Empirical relations for meanders 
in alluvial valleys 
Meander Length to Amplitude to Meander Length to 
Channel Width Channel Width Radius of Curvature Source 
A = 6.6W0.99 A = l8.6W0. 99 Inglis (1949) 
A = 10. 9WL04 Inglis (1949) 




Th e. bftaide.d Juve..tt c.han.n.el. ,u., w.lde., the. ba.n.lv.i a..tte. pooJr.i..tj de.n,,i.n.e.d arid 
uMtab.te. , and the..tte. a..tte. two oft mofte. main. c.ha.n.n.ei/2 that c..ttoJ.i.6 one. anothe..tt 
giving the Juve..ttbe.d a. bftaide.d a.ppe.a..tta.n.c.e. a.t low 6.tow. Between sub-channels 
there are sandbars and islands. The sub-channels and sandbars change 
posi tion rapidly with time and stage and in an unpredictable manner . At 
f l ooJ stage, the flow strai ghtens, most of the sandbars are inundated or 
destroyed and the river has a canal-like appearance except that the river 
is much wider and has a higher flow velocity. Such rivers have relatively 
steep slopes and carry large concentrations of sediment. 
5.2.3 Straight 
The. J.>tfuught c.ha.n.n.el. hct6 J.>ma.li J.>in.uoJ.iiltj a.t ba.n.k.6ul J.>tage. . At l ow 
stage the channel develops alternate sandbars and the thalweg meanders 
around the sandbars in a sinuous fashion. Straight channels are often 
considered as a transitional stage to meandering . If the channel is 
unconfined, more than one channel develops, creating middle bars as 
well as point bars, and the river is braided. 
5.3.0 BENDS IN ALLUVIAL CHANNELS 
5 .3. 1 Formation of bends in alluvial channels 
M0.6t be.n.d.6 in. .6an.dbe.d Juve.Jt.6 a..tte. pa.Jtt 06 a. me.a.n.de..tt Oft de.60.ttme.d 
me.a.n.de..tt .6tj.6te.m. Bends are normally formed as a result of the natural 
tendency for sinuous flow in alluvial channels when the sl ope of the 
, 
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river is less than S = 0.0017 Q114 . (See Section 4.4.2.) This 
tendency for bends to develop in sand channels wi th flat slopes has 
been demonstrated by Friedkin (1945), Lane (1955) and many others. 
The actual shape of the bends varies from beautifully symmetrical 
patterns to the deformed bends encountered most frequently in nature, 
particularly on large river systems. 
The shape of a typical reveted bend in the Lower Mississippi River 
is illustrated in Fig. 5.3.1. The statistical nature of Lower Mississippi 
River bends is illustrated in Figs. 5.3.2 and 5.3.3. The figures 
show the percent occurrence of bend radii r, and the percent occurrence 
C 
of bend deflection angles ~ in radians respectively. The most common 
radius is about 5,500 feet. This radius was observed on 11 percent of 
179 river bends. Similarly, the most common deflection angle is about 
1.15 radians. This deflection angle occurred for about 15 percent of 
these same bends. These distribution curves illustrate the variability 
of the characteristics of bends in the Mississippi river system that has 
been subjected to varying degrees of development. 
Fig. 5.3.1 Cypress Bend, Mississippi River, 1962 
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Fig. 5.3.2 Occurrence of bends in the Lower Mississippi River 
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Fig. 5.3.3 Occurrence of bend deflection angles in the Lower 
Mississippi River from the Ohio River to the Gulf 
(after Assifi, 1966) 
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5.3.2 Types of bends 
Two p!Unupa.1- type-6 on bencl6 a.1te deepened o~ en:tltenched bencl6 and 
meandvung -0Wtoace bencl6. The first type includes those in which the 
river bends follow the curves of the valley so that each river bend 
includes a promontory of the parent plateau. The second type includes 
bends which are formed only by the river on a flat, alluvium covered valley 
floor, and where the slopes of the valley are not involved in the forma-
tion of such bends. This division of bends is correct and sufficiently 
definite with respect to external forms of the relief and the process 
of formation and development of bends. It is, however, incomplete from 
the standpoint of the work of the river and of the physical nature of 
this phenomenon. Both of the morphological types of bends can be put 
into one category--the category of freely meandering channel, i.e., 
meandering determined only by the interaction of the stream and the 
bed material. Such meandering, not disturbed by the influence of 
external factors, proceeds at an approximately equal rate along the 
length of the river. 
Under natural conditions, there is often encotmtered a third type 
of bend. This bend occurs when the stream impinging on a practically 
noneroding parent bank forms a forced curve which is gradually trans-
formed into a river bend of a more constricted shape. 
In all cases the effect of the character (density) of the bank 
material is important and, to a certain degree, determines the radius 
of curvature of the channel. In a free bend the radius of curvature 
increases with the density of the material. The radius of curvature 
is smallest in a forced bend. 
Both from the standpoint of the action of the stream and the 
interaction between the stream and the channel, as well as from the 
standpoint of the general laws of their formation, one can distinguish 
the following three types of bends of a natural river channel: 
(1) F~ee bencl6 - Both banks are composed of alluvial floodplain 
material which is usually quite mobile. The free bend corresponds to 
the common concept of a surface bend. 
(2) um-i.;ted bencl6 - The banks of the stream are composed of 
consolidated parent material which limits the lateral erosion by 
the stream. Limited bends are entrenched bends. 
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(3) Fo~eed bendJ., - The stream impinges onto an almost straight 
parent bank at a large angle (60° to 90° ) . 
A typical feature of bends is a close relationship between the type 
of stream bend and the radius of curvature. The fio~eed bend hM .the 
~mille6t ~ad,,i,w., ofi euJtvtUJ.1Jte. Next in size are the radii of free bends. 
The £.,,im,Ued bendJ., ha.ve the g~ea.te6.t ~a.d,u,. The average values of the 
ratios of the radii of curvature to the width of the stream at bankful 
stage for the three types of bends are: 
Free bends 4.5 to 5. 0 
Limited bends 7.0 to 8.0 
Forced bends 2 .5 to 3.0 
A second characteristic feature of bends is the distribution of 
depths along the length of the bend. In 6~ee bendJ., a.nd £.,,im,Ued bendJ.,, 
the depth gMdu.illlf inMeM e6 and the maumu.m depth ~ 6ou.nd ~ome 
fu .ta.nee below t he apex ofi the bend. In .the fio~eed bend, the depth ~h~~pl lf 
inMeMe6 at t he beginning ofi the bend and then g~a.du.alllf dimi~he6. 
The greatest depth is located in the middle third of the bend, where there 
appears to be a concentrated deep scour. 
5.3.3 Transverse velocity distribution in bends 
The theory of superelevation in open channel bends was presented in 
Chapter II. T~ ~up~eleva.tion p~oduee6 a tM~veMe veloWlf furu-
bu.tion in channel bendJ.,. The transverse velocities result from an 
imbalance of radial pressures on a particle of fluid traveling around 




~-Ydz -r- ydz r 
(lZ 
(a) ( b ) 
Fig. 5.3.4 Schematic representation of transverse 
currents in a channel bed 
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The radial forces acting on the shaded control volume are the centrifugal 
2 force mv /r and the differential hydrostatic force ydz caused by the 
superelevation of the water surface dz. As shown in Fig. 5.3.4, the 
centrifugal force is greater near the surface where the fluid velocity 
v is greater and less at the bed where v is small. The differential 
hydrostatic force is uniform throughout the depth of the control volume. 
As shown in Fig. 5.3.4, the sum of the centrifugal and excess hydrostatic 
forces varies with depth and can cause a lateral velocity component. The 
magnitude of the transverse velocity is dependent on the radius of 
curvature and on the proximity of the banks. In the immediate vicinity 
of the banks, there can be no lateral velocity if the river is narrow 
and deep, and this bank constraint to the transverse velocity field is 
felt throughout the cross section. 
The velocity distributions in natural stream bends are very complex. 
The U6u.al. wau to dv.icJube the vef.ocJ..;ty furubut,i..on in a.t.e.u.viai.. c.ha.nnw 
ii., btj ac.tu.al. me.MuJtemen-l6. In this way, accurate knowledge of the 
various velocity components in the cross section can be obtained. 
In prismatic channels with rigid beds, it is possible to compute the 
velocity field in the bends. At any vertical in the bend, the variation 
of longitudinal velocity with respect to depth can be described by the 
von Karman velocity relation (Eq. 2.3.15). 
v 2.303 log{30.2 k~} 
V* - K S 
5.3.1 
where 
V = the velocity at depth y, 
v* = the shear velocity, 
k = the diameter of the sediment grains that compose the bed s 
K = the universal velocity coefficient 
Extending this concept, if one can describe the longitudinal velocity 
distribution at several verticals in a cross section, the variation of the 










Fig. 5.3.5 Lateral distribution of velocity 
For a gentle bend of a parabolic cross section, Fig. 5.3 . 5 was 
deve loped. Fig. 5.3 .5 shows the curves for velocities across the 
width of a prismatic channel for consecutive sections along a bend. 
In Fig. 5.3.5, Vis the depth-averaged velocity in any vertical, and 
V is the maximum velocity in the straight channel. Define max 
Ymax lg 
6' = o.426 -w- c 5.3.2 
where 6 is the angle of the bend in degrees. The distribution of 
velocity in the straight reach is assumed to follow the form 
;- = (_L_)0.4 
max Ymax 





The depth across the width of the channel is assumed to 
_x_ = (1 _ 2x)2 
Ymax W 
5.3.4 
Longitudinal velocities in natural river bends are similar to those 
shown in Fig. 5.3.5 but because the cross sect ions in river bends arc 
not prismatic, the information in Fig. 5.3.5 cannot be readily used in 
rivers. 
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Several studies have been made of the transverse velocity field in 
the cross section of an open channel. The equation for transverse velocity 
developed by Rozovskii . (1957) is 
V = !__y l. [F (n)- ~ F (n)] 
r 2 r 1 KC 2 5. 3.5 
K 
in which 
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Fig. 5.3.6 Graph of functions F1 (n) and F2 (n) 
5.3.6. 
A comparison of the predicted (Eq. 5.3.5) and observed transverse velocity 
distributions for a river bend is given in Fig. 5.3.7. For such sections 
fairly good results can be obtained. For the more irregular sections, 





Fig. 5.3. 7 Comparison of predicted and measured 
velocity distributions in a bend 
Another form of secondary circulation occurs in open channels. 
In channels with large width to depth ratios and approximately uniform 
depth, transverse flow cells occur, usually in pairs. One rotates clock-
wise and the other counterclockwise. Between alternate pairs of cells, 
the transverse surface flows come together and dive downward. This flow 
phenomena may accumulate debris, ice or other material floating on the 
surface into distinct parallel lines oriented in the direction of longi-
tudinal flow. 
5.4.0 ROUGHNESS CHARACTERISTICS OF ALLUVIAL RIVERS 
The ~oughne.6-0 06 a..U.uvial. ehannw i-0 va,ua.ble and complex. Roughness 
is a function of such variables as channel geometry, channel irregularities, 
type of bed and bank material, response of bed material to flow at the 
bed-water interface resulting in dunes and bars, the rate of bed-material 
discharge in the channel, the characteristics of channel alignment and 
slope, the temperature of the water-sediment mixture flowing in the channel, 
the characteristics of wash load, the intensity of turbulence, and other 
factors. 
5.4 .1 Main channel 
The resistance to flow in the main channel resulting from grain 
roughness and form roughness is discussed in de tail in Chapter III. 
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5.4.2 Floodplain 
The roughness characteristics on the floodplain are complicated by 
the presence of vegetation, natural and artificial irregularities, 
buildings, undefined direction of flow, varying slopes and other complexities. 
Resistance factors reflecting these effects must be selected largely on 
the basis of past experience with similar conditions. In ge.neJtal., 
JteJ.>-Ll>tanc.e. to ,6tow J./2 la1tge_ on .:the ,6toodplaJ,ri..6. In some instances, 
conditions are further complicated by deposition of sediment and develop-
ment of dunes and bars which affect resistance to flow and direction of 
flow. 
5. 4.3 Ice conditions 
The presence of ice affects channel roughness and resistance to 
flow in various unique ways. When an ice cover occurs, the open channel 
·i •; more nearly comparable to a closed conduit. There is an added shear 
s tress developed between the flowing water and the ice cover. This 
surface shear is much larger than the normal shear stresses developed 
at the air-water interface. A study of ice cover by the U.S. Geological 
Survey has revealed that the ice-water interface is not always smooth. 
In many instances, the underside of the ice is deformed so that it 
resembles ripples or dunes observed on the bed of sandbed channels . 
This may cause overall resistance to flow in the channel to be further 
increased. 
With total or partial ice cover, the drag of the ice retards flow, 
decreasing the average velocity and increasing the depth. Another 
serious effect is its influence on bank stability, in and near water 
structures such as docks, loading ramps, and ships. For example, the 
ice layer may freeze to bank stabilization materials, and when the ice 
breaks up, large quantities of rock and other material embedded in the 
ice may be floated downstream and subsequently thawed loose and dumped 
randomly leaving banks raw and unprotected. 
5.5 .0 LONGITUDINAL VELOCITIES OF ALLUVIAL RIVERS 
The usual reference to velocity in natura l streams is not to a 
velocity at a point but rather to a mean velocity for the channel. 
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5.5.1 Maximum velocities 
A tabulation was made by the USGS of the largest measured values of 
velocity at a single point (not the average for the whole cross section). 
The maximum point velocity usually is on the order of 25 to SO percent 
greater than the average velocity for the cross section. Out of 2950 
measurements included in the sample, the median value was 4.11 fps, 
the mean 4.84 fps, and less than one percent of the total exceeded 13 fps. 
On.e. 06 ;the h-ighe6;t v~ocJ.,:uu e.veJt me.MWte.d btj c.u.Nr..e.n.;t me.;teJt btj ;the. 
USGS Wa.6 22 6P-6 in a. Jtoc.k go1tge. 06 ;the. Po;toma.c. R,i,veJt a.;t ChMn 8/t,<,dge. ne.M 
W<L6 h-in.gton., V.C., duJt,<,n.g the. 6lood 06 Ma.1tc.h, 1936. Velocities up to 
30 fps have occasionally been observed, but none have been recorded 
greater than this value. 
5.5.2 Mean velocities 
The mean velocity of river corresponds to the mean or average dis-
charge of a stream. During the flood stages, the mean velocities in 
t he river vary from about 6 to 10 fps. The mean velocity attained in 
large rivers is generally slightly larger than that in small ones. There 
are, of course, many local situations where, owing to the constrictions 
or rapids, velocities attain greater values. The figures cited above 
include a large majority of river channels in reaches that have no 
unusual features. Fig. 5.5.1 shows the variations of mean velocity 
along Yellowstone-Missouri-Mississippi River system. As discharge 
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Fig. 5.5.1 Mean velocity vs. discharge (after Leopold et al., 1964) 
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5.5.3 Minimum velocity 
The minimum velocities in alluvial rivers correspond to the average 
velocity of the river during the low flow. The minimum velocities range 
from zero to approximately 3 fps. 
5.5.4 Velocity fluctuations 
The. iMta.nta.n.e.o u.6 twr..bui.e.n.,t velOWlf in. a.U.uvia.l JUveM c.an. e.x.c.e.e.d 
the. :ti.me. ave11.age. veloWlj btj M muc.h M 70 pell.c.e.n.,t 011,, mo11,, e. . When the 
turbulent fluctuating component of velocity is expressed as a ratio 
root-mean-square of the fluctuat ing component (or standard deviation) 
t o mean aver age velocity, the ratio can attain a value of 30 to 40 
percent . For the Mississippi River , Kalinske (1942) found that the 
maximum fluctuating component of velocity is about three times the 
standard deviation. A typical plot of fluctuating velocity against 
time for the Missis s ippi River is shown in Fig. 5.5.2. These data were 
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Velocity fluctuations in Mississippi River at Vicksburg, 
Mississippi (Tiffany, 1950) 
5.6.0 METHODS OF PREDICTING, CONTROLLING, AND ANALYZING THE 
CHARACTERISTICS OF RIVERS 
5.6.1 Introduction 
To predict the characteristics of a river, one has to separate the 
related variables into dependent and independent categories. In the 
case of rivers , the separatjon of variables becomes diff icult because 
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the relative independence of variables depends on the times scale from 
which one is viewing the phenomena. In geological time scale, the 
independent variables of a river are the geological and meteorological 
factors developin g the drainage basin. In such a time scale, all the 
river characteristics, as well as the discharge and sediment load become 
dependent variables. Such a viewpoint is not helpful from the engineer-
ing aspects of river control. In enginevu.ng .ti.me ~c.ale.o, .the independent 
vcvua.ble.o 601t.. a. given Jt..iveJt.. c.ha.nnel a.Jt..e .the wa.:te1t.. fuc.ha.Jt..ge, .the ~e.dunent 
load, .the ~ ecU.ment ~ize a.nd pa.Jt..ticl.e ~ha.pe and .the a.ntec.edent c.ha.nnel 
c.onditioM. 
If the channel is considered to be in equilibrium, considerable 
simplification of the number of variables and the relationships between 
such variables and the channel characteristics becomes possible. Channel 
equilibrium is sometimes a tenuous concept. However, one c.an de6ine 
:the eqUA..liblt..iwn c.ondiuon 06 a Jt..iveJt.. c.ha.nnel M indic.a.ung :the ew.tenc.e 
06 c.elt...tain ~:ta.uon.a.Jt..lj value.o on a.veJt..age p!t..Opelt..Ue-6 ofi :the c.ha.nnel. Most 
of the computational relationships presented in this chapter pertain to 
channels that are defined to be in equilibrium. In the hydraulic design 
of highways, these relationships can be developed from a study of the 
local characteristics of the river channel used. Many examples of 
equilibrium relations for river systems are given in the following 
sections. 
A problem arises when the existing equilibrium of a river channel 
is disturbed. Qualitative results are available for the prediction of 
such a behavior. The qualitative prediction of channel response when 
its equilibrium is disturbed is discussed in Chapter IV. Under the 
state-of-the-art, quantitative results have not been obtained for rivers 
"out-of-equilibrium". However, the development of detailed mathematical 
models of the physical processes in rivers offers new hope for better 
river engineering answers to changing river forms. 
5.6.2 The geometry of pools and bendways 
In general , mea.ndvu.ng tuv~ M~wne a. na.:tuJt..al alignment C.OM~.Ung 
on be.n~ and C/1.0M-<-ng~. The depth 06 :the c.ha.nnel incAe.Me.o along .the 
c.onc.a.ve. 6a.nk on :the bend, a.nd decAeMe.o a..t :the cAo~~ing. The profile of 
the thalweg consists of successive deeps or pools in the bends, and 
shallows or shoals in the crossings. 
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The geometry of the pool is a function of water and sediment dis-
charge, the hydraulic parameters of the stream, the geometry of the bend 
itself, the nature of the bank material and other less significant 
variables. 
The characteristics of bends can be approximated by the use of the 
fol l owing approach, due to Rzhanitsyn (1960). 
Let 
v = average stream velocity 
y = depth of flow 
0 
W = width of the stream 
L = length of the bend 
r = radius of curvature of the bend 
C 
~ = bend deflection angle, in radians 
The equation for superelevation 6z in a bend (given by Eq. 2.6.7) 
can be simplified for the case where W/r is very small to 
C 
5.6.1 













and is a function of the roughness of the channel and the geometry of 
the bend. 
From the geometry of the bend 




By substituting this expression for L in Eq. 5.6.3 and then solving 





it follows that 
5.6.7 
The depth 06 6low ~n a pool is determined by a complex interaction 
of a number of factors, among them the stabil i ty of the river channel, 
the sediment concentration and the size of the river (stream order). 
In Fig. 5.6.1 the relation between the relative maximum depth in 
a pool y /W and the radius of curvature of the bend, r /W is max c 
presented. The information was obtained from various Russian rivers. 
This figure shows that y /W decreases with increasing r /W for max c 
relatively stable rivers, while the converse is true for less stable 
rivers. For values of r /W in excess of 12, the relative maximum 
C 



















Fig. 5.6.1 The maximum depth in the pool as a function of the bend 
radius (after Rzhanitsyn, 1960) 
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For streams of the same order , the mean annual sediment concentration 
is an important factor in determining the maximum depth. Fig. 5 .6.2 shows 
the variation of y /W with sediment concentration for XII to XIV order max 
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Fig. 5.6.2 The maximum depth in the pool as a function of sediment 
transport (aft er Rzhanitsyn, 1960) . 
In Fig. 5.6.3 the general pattern of change of ymax/W with r /W 
C 
is shown for rivers of different size and degree of stability. The 
stability of a river can be represented by the index of stability x 
defined as 
5.6.8 
When x is large the river is wide and shallow and relatively unstable. 
When x is small the river is narrow and deep and relatively stable. 
The curves in Fig. 5.6.3 have been obtained from data taken from 
rivers with low mean annual sediment concentrations, and are applicable 
for concentrations up to 90 ppm. For higher concentrations, use can be 
made of Fig. 5.6.2, extended to cover a water range of stream sizes 
(From X to XIV). Figures 5.6.1, 5.6.2, and 5.6.3 were developed to 
determine the maximum depth in the pool. Care must be used in inter-
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Fig. 5.6.3 Variation in pool depth with bend radius, river stability 
and stream order (after Rzhanitsyn, 1960) 
As mentioned earlier, in a bend there is a transverse water surface 
slope and transverse currents. These phenomena are greatest near the 
end of a bend. Upon emerging into the straight reach below the curve, 
the induced transverse currents slowly die out. The transverse slope is 
reduced and at some distance from the end of the curve the stream begins 
to move normally without the cross currents induced by the bend . This 
section is the end of the pool. 
The leng.th 06 pool dep~el>~~on is closely related to the instability 
of the river channel and the sediment transport: the greater instability 
and sediment discharge, the shorter the length of the pool depression. 
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The relative length of a pool depression can be plotted as a 
f unction of the relative depth and the relative radius, as shown in 
Fig. 5.6.4. The values in this figure correspond to a stability 
factor x = 1.5. For other indices of stability, the length given 
in Fig. 5.6.4 must be multiplied by kX the correction coefficient 
for stability given in Fig. 5.6.5. Also, a correction for mean annual 
sediment concentration k given in Fig. 5.6.6 is required. 
C 
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Fig. S.6.6 Correction coefficient for mean annual sediment concentration 
For example, suppose a river has a stability index x = 0.5 and 
mean annual sediment discharge of 100 ppm. If a particular bend has 
y /W = 0.03 and r /W = 4, then according t o Fig. 5.6.4, L/W = 7. max c 
The correction factor for stability is given i n Fig. 5 .6. 5 as kx = 0.5 
and the correction factor for sediment concentration is given in 
Fig . 5 .6 .6 as k = 0.5. 
C 




-W = 7k k 
X C 
L W = 7(.5) (.5) = 1.8 
The 6hape 06 the longliucUna.i. plW6ile of a river channel bed in a bend 
is a fnnction of the hydraulic characteristics of the stream and the 
bed material, the size of the stream and the mean annual sediment 
concentration. In general, the longitudinal profile of the pool 
depression bed becomes steeper in the first one-third of the pool in 
rivers carrying large sediment concentrations. Also, the profile then 
rises more rapidly to the next crossing. Fig. 5.6.7 shows how the 
profiles of rivers of different sizes compare, all other pertinent 
\'ar i ables being held constant. The variables z, z , l and l max max 
are defi ned in Fig. 5.6.8. It is concluded from the analysis of 
this figure that stream size is not an important factor in shaping the 
profi le of the bend. 
It i s useful to compare the shapes of longitudinal profiles for 
rivers that di f fer in size but are similar with respect to their bed 
materi a l and mean annual concentration. The longitudinal profiles of 
several such rivers are shown i n Fig. 5.6. 7. 
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Fig. 5 . 6.7 Longitudinal profiles of pool depres s ions for rivers with 
similar stabilities an<l s i milar avcra r,e annual sediment 




Fi g. 5.6.8 Definitions of variables describing the longitudinal 
profile in a pool 
The analysis of these data shows that in relative terms, the shape 
of the longitudinal profiles of pool depressions do not depend on the 
size of the stream. Their shape is, therefore, similar for rivers of 
the same type. 
5.6.3 Variation of depth of flow 
To describe a river channel, it is necessary to know the maximum 
depth of the pool, the minimum depth in the crossing, and the position 
of the line of greatest depth in the channel. Th,u line b., c<LU.ed the 
tha1.weg . The greatest depth in the stream is located below the section 
of greatest curvature, the smallest depth is approximately the same 
distance below the point of inflection in the crossing. More precisely, 
the deepv.,t paid 06 the pool and the .t>ha.Uowv.,t paid 06 the e1to1.i1.,ing 
aJte dawn1.it1team 06 the point 06 gttea.tv.,t and lea.1.it cWtva.:twte, by appttou-
ma.tely a 6oWtth 06 the length 06 the pool plU6 the CJtoMing. Th,u 
tte1..a.t,i.on hold-6 in the majottUy 06 cM v., whette 1.itlteam be.n.d-6 Me 06 the 
nttee and wiil.ed typv.,. Fott the 6ottced be.n.d, the gtteA-tut depth on the 
pool uv., at the point 06 maumwn con1.iW.won. 
In natural rivers, it has been observed that the line of greatest 
depth in a bend may shift from its usual position, adjacent to the 
concave bank, towards the middle and sometimes even to the convex 
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bank. Therefore, a de.6igneJt .6hou1.d pla.c.e. all 600.u.ng.6 in a. IU,,VeJt 
c.hannel. a:t an el.e.va.tion antiupa.ting tha:t the. thalwe.g ha..6 6~e.e.dom to 
.6 el.e.c.t any po-6,i,tio n in the. CJtoM .6 e.c.tio n. 
The position of the line of greatest depth is affected most by the 
variability in the flow and by bank conditions. A change in the flow 
changes the channel forming processes of the stream. With each rise in 
stage, changes occur in the characteristics of flow in the channel. For 
example, the flow lines are straightened. The appearance of flow on the 
floodplain often leads to basic changes in the channel forming activity. 
The duration of the various phases of flooding and, therefore, the 
durat i on of stages and of phases of the channel-forming process are 
of great importance. The discharge, channel geometry, and channel 
conditions all combine to determine general trends in the further 
development of the channel. 
5.6.4 Straight reaches of a river channel 
The cross section of a channel in a straight reach of the river may 
as su,;:e a parabolic shape in many rivers. This shape is relatively stable 
and is due primarily to the interaction of the longitudinal flow with the 
bed material. Under natural conditions, a number of factors affect the 
shape of the straight river channel. With changes in discharge, the 
velocity structure and the depth of the stream change. This leads to 
the intensification of the process of development of channel shape. 
For a given bed material, the velocity structure of the s tream and its 
depth are associated with a definite shape of channel. 
With continually changing hydraulic conditions, which is typical 
for natural streams, channel shapes develop. To these shapes, we 
attempt to relate some constant, equivalent, channel-forming discharge. 
During periods whe.n the. 6low ,i,,6 le/2.6 than dom.i...na.n:t, de.po-6ition p~oc.e.-6.6e/2 
p~e.dom.i...na:te. in the. c.ha.nnel.. Conve.M el.CJ, whe.n the. fuc.hMge. ,i,,6 higheJt 
than dom.i...na.n:t, eJtMiona.l p~oc.e.Me/2 U!.iu.a.11.tJ p~e.dom.i...na:te.. 
In streams of different size, the parabolic shape of the channel 
is common, but its geometric ratios are changed. For example, larger 
rivers have larger width to depth ratios. 
The geologic structure and composition of the material of the 
riverbed are important in the development of channe 1 shape. These 
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affect the relative channel dimensions. In general, a channel in fine 
material has smaller width to depth ratio than one formed of coarser 
particles. 
The sediment discharge affects the channel-forming action of the 
stream. With riverbeds composed of material with a small fall diameter 
the sediment load is greater, the channel process more intense, and the 
width to depth ratio is greater. 
The process of river channel formation in different materials is 
determined principally by the effect of two related factors - the 
size of particles and their cohesion, and the sediment load. The change 
in width to depth ratio of the river channel depends on whether the 
influence of one or the other of these factors predominate. The width 
to depth ratio is also influenced by size of the stream (stream order). 
This effect is shown by Fig. 5.6.9. The value of the relative depth 
y /W decreases and approaches some relatively small stable value for 
0 
streams of high order. This regularly is observed in both crossings and 
pools. Therefore, with a decrease in the size of the river, the natural 
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Fig. 5.6.9 Relation of relative depth of natural streams to their 
stream order (after Rzhanitsyn, 1960) 
5.7.D QUANTITATIVE PREDICTION OF CHANNEL RESPONSE TO CHANGE 
The necessity f or quantitative prediction of river channel response 
is increasing. The accuracy of such a prediction depends on the quality 
of the data. There are generally two ways of predicting response. One 
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is the mathematical model and the other is the physical model. Ma.the-
ma..tieal modw utilize a number of mathematical equations governing the 
motion of flow in the channel. In general, the equation of motion and 
continuity for sediment laden water, the continuity equation for sedi-
ment , and the sediment-transport equation are used to study a transient 
phenomena in alluvial channels. These equations are recognized as 
powerful tools for the study of unsteady flow problems. By solving these 
equations using numerical methods and digital computers, the response 
of the river system to various natural and man-made activities on 
channel improvement can be simulated by simply applying the mathematical 
model using different boundary conditions. Regardless of the potential 
of the mat hematical mode ls, up to date they are restricted to study 
response problems using one-dimensional approximations. 
For complex channel characteristics, it is very difficult to 
accurately formulate mathematically what happens in a river. Studies 
of channel response to development are then usually made by using a 
phtjJ.i ,fral model. . Some aspects of physical modeling have been presented 
in Chapter III. To achieve similar behavior in the model and the proto-
type, the "re lative importance of the governing parameters" must be the 
same in the model and prototype model. Thi s often leads to distortion 
and scale effects and results in experimental uncertainties. Further-
more, the construction, operation, and modification of physical models 
are expensive, time consuming and laborious, especially when long-term 
response is investigated. 
Adoption of a particular method for response estimated depends on 
quality and availability of data as well as the engineer's experience. 
More detail on the physical and mathematical modeling can be found from 
works by Gessler (1971) and Chen (1973). 
5.7.1 River response to confinement by dikes 
The response of rivers to varying degrees of confinement is an 
interesting and challenging problem. The basic types of rivers, their 
bed configurations, the response of bed configuration to changing stage, 
the types and location of sandbars, the characteristics of the bed and 
bank materials, channel geometry, sediment transport, and h1 storic 
characteristics of rivers with their variations and trends should be 
studied and understood. With this fundamental information, the potential 
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changes which may result from various degrees of river development can 
be investigated. This requires consideration of the effect of develop-
ment on channel geometry, flow characteristics, sediment discharge, 
aggradation, degradation, river stage, channel form, channel stability, 
bed and bank materials, possible changes in river alignment, and other 
important factors. A backwater analysis has been used to estimate the 
water surface profiles for rivers being confined by embankments. The 
increase in stage as determined from the analysis is usually based on: 
(1) a given design flood discharge; (2) given embankment setback distances; 
(3) Manning's n values based on field measurements, and (4) verifica-
tion of computational procedures and assumptions by using historical flood 
levels and verifying them by computations. Using these considerations a 
realistic appraisal can be made of river response, embankment setback 
distance, embankment alignment, height of embankments, and other factors. 
5.7 . 2 Observed channel changes 
The plan and profile of sandbed rivers are subject to changes of 
varying magnitude during an annual cycle. These changes are even more 
noticeable when the profile and banklines are compared over several years. 
The bank stability is greatly affected by the type of river, the 
characteristics of the sediment load, and the riverbed response to 
changing hydraulic conditions. The meandering river changes its position 
relatively slowly and it maintains its sinuous pattern. Hence .the 6tdWte 
beha.v,lon a.nd geometlty 06 a. mea.ndeJu,ng fl..,{,VeJr. a.tr..e e..a.J.iivr. to pnecuct. 
The pla.n a.nd pno6ile 06 bJW.)__ded fl..,{,VV!.,6 may change continuously. 
Erosion and deposition along the bank line and within the river channel 
iVl.e mueh le./26 pnecueta.ble. Both river banks may be attacked simultane-
ously and the pattern of alternate bars, braided channels, and middle 
bars and islands, experiences large and random changes with time and 
river stage. With the braided river and its unpredictable geometry, 
the embankments located adjacent to it should be set back further from 
the river to provide safety from changes in al i gnment. 
Unstable and stable reaches of rivers tend to remain so except for 
catastrophic events such as major earthquakes. These, accompanied by 
subsidence or upheaval and very large floods, may cause major changes in 
both stable and unstable reaches. Such events may even completely change 
the course of a river. 
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Because of limited documentation of bank line migration and large 
potential changes in river alignment during flood events, river bank-
lines should be defined and compared annually by aerial photography. 
With this information, the river changes could be studied in greater 
detail and used with hydrologic, hydraulic and soils data to provide 
knowledge of interrelations between the projected aim and the river. 
This kind of study would also provide a history of river changes which 
would help to predict river response to the development of water resources. 
5.8.0 SUMMARY 
At the present time, the quantitative analysis of river response 
to natural or man-made activities is difficult to do. No clear straight-
forward methods of analysis have been developed. Often, the value of 
an analysis is almost totally dependent on the experience of the engineer. 
Hopefully, in the future, the experience of the engineers can be enhanced 
with rapid methods of analysis that will produce accurate quantitative 
predictions. 
In this chapter, we have tried to illustrate that the geometry of 
natural river systems can be described, at least in the form of graphi-
cal plots of the relations between a few key variables. Through samples 
of river data taken mostly from Russian literature, the basic relations 
have been depicted. With these types of relations and those given in 
Chapter IV, the response to changing activities in the river system 
can be estimated. 
The basic relations for one river system may differ from those 
of another. Therefore, at least a sample of data is needed from a 
river system in order to assess how that river system is different or 
similar to other river systems for which good data is available. With 
this knowledge, one is in a position to assess the trends of future 
responses even if he cannot compute the precise amount of change. 
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